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ABSTRACT
Climbing Performance and Ecology in Humans, Chimpanzees, and Gorillas
by
Elaine Eva Kozma
Advisor: Herman Pontzer
This dissertation aims to establish the effects of limb proportions and body size on the
climbing performance of humans, chimpanzees, and gorillas by assessing three aspects of climbing
performance: 1) energetic cost, 2) fatigue, and 3) canopy access. Whether hominins were arboreal,
and to what extent, is a matter of hot debate. Specifically, the relative prominence of vertical
climbing in the locomotor repertoires of various hominin taxa remains a contested issue. Over the
course of human evolution, both the body size and relative hindlimb length of hominins has
increased. These traits are often linked to bipedality. Long forelimbs, in contrast, are hypothesized
to be advantageous in vertical climbing. Apart from these statements, we know little about how
size and body proportions specifically affect climbing performance.
In the first study, I evaluated factors influencing the metabolic cost of locomotion
(COLnet) during climbing. I assessed the effects of speed, route difficulty, experience, and
anatomical variation of COLnet in rock climbers. Further, I compared the COLnet for these human
climbers to that of non-human primates. I found that: 1) climbing speed is a significant predictor
of climbing COLnet; 2) route difficulty is not significantly correlated to locomotor costs when
controlling for speed; and 3) mass-specific locomotor costs are independent of body mass and limb
proportions, both within and across species. From these results I concluded that neither changes in
body mass nor limb proportions during hominin evolution are likely to have led to changes on the
energetic aspect of climbing performance.
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In the second study, I examined the relationship between morphology, climbing grip
strength (maximum voluntary contraction, MVC, of the finger flexors) and endurance (time one
can maintain a grip strength greater or equal to 70% MVC) in human climbers. I showed that grip
strength is negatively allometric to the function of body mass in rock climbers. Next, I tested
whether strength limits tree climbing during foraging in Mbendjele foragers from the Republic of
Congo. Mbendjele men’s grip strength did not significantly decrease after tree climbing. These
results indicated that human foragers can accrue daily tree-climbing rates comparable to other
African apes without approaching their limits of finger flexor strength or endurance.
Finally, I tested whether and how humans and other apes differ in arboreal ecology, by
collecting a comparative data set of positional behavior in trees of humans and sympatric
chimpanzees and gorillas in northern Republic of Congo. I found that larger apes move more
vertically within the core of trees and less horizontally into the periphery than smaller-bodied apes.
However, despite their comparatively smaller body size, Mbendjele men spend significantly more
time in the core than in the periphery of trees. In addition, humans spend significantly more time
standing in trees bipedally than apes do. These results suggest that humans use trees differently
than apes but are nonetheless adept in an arboreal environment and capable of foraging in the
canopy.
In this dissertation I combined the first investigation of sympatric human foragers and wild
apes’ locomotor behavior with experimental laboratory studies. I detected no effect of limb
proportions on energetic cost, fatigue, or canopy access. This suggests that fossil hominin and
hominoids may have been less restricted in their locomotor repertoires than previous
reconstructions predicted. I further show that modern humans are adept climbers, using a range of
behaviors which allow them to access the canopy as effectively as chimpanzees and gorillas,
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despite humans’ anatomical specializations for terrestrial bipedalism.
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CHAPTER 1: INTRODUCTION
Introduction
The shift from arboreal to terrestrial locomotion is among the most significant ecological
changes in hominin evolution, but the nature of this transition is hotly debated. On the one hand,
evidence for bipedalism has been reported among the earliest hominins: Sahelanthropus
tchadensis, Orrorin tugenensis, and Ardipithecus ramidus (Senut et al., 2001; Neaux, et al., 2017;
Zollikofer et al., 2005; Richmond and Jungers, 2008; Almécija et al., 2013; Lovejoy et al. 2009).
On the other hand, however, numerous early and later hominins appear to have combined
morphologies associated with both terrestrial and arboreal locomotion. These mixed-ecology taxa
include Australopithecus afarensis (Green et al., 2007; Haile-Selassie et al., 2010), Au. africanus
(Green et al., 2007), Au. sediba (Churchill et al 2013), Homo habilis (Clarke, 2013), and Homo
naledi (Kivell et al., 2015). The combination of arboreal and terrestrial traits in these species has
led to vigorous debate regarding the locomotor ecology of fossil hominins and hominoids. For
example, the interpretation of Ardipithecus ramidus as a careful climber and orthograde bridger
when arboreal (Lovejoy et al. 2009) has been contested (Crompton et al. 2010; Wood and Harrison,
2011). Likewise, the degree of arboreality in Australopithecus afarensis has been debated (e.g.:
Latimer, 1991; Stern and Susman, 1983; Ward 2002). At the same time, recent studies have
highlighted the importance of tree climbing in some extant human populations (e.g.:
Venkataraman et al., 2013; Kraft et al., 2014). These papers further complicate our understanding
of the relationship between arboreality, terrestriality, and bipedalism over the course of human
evolution.
Central to these debates is whether a loss of arboreal ability is necessarily concomitant with
the gain of bipedal adaptations in the hominin lineage. This thesis examines whether modern

1

humans show limited climbing efficiency, endurance, or canopy access compared to non-human
primates, specifically chimpanzees and gorillas.
Over the course of human evolution, hominins have undergone several postcranial changes,
many of which appear to be linked to terrestrial bipedalism. The body size and relative hindlimb
length of hominins have both increased (Pontzer, 2017). Recent studies have argued that,
compared to Australopithecus, Homo is characterized by shorter arms with comparable lower limb
proportions relative to body mass (Holliday, 2012; Pontzer, 2012). Large body size may appear by
3-3.5 Ma in Australopithecus (Grabowski et al., 2015) and is evident by 1.8 Ma in early Homo
erectus/ ergaster (Pontzer 2012). Changes to the hominin foot notably include the loss of a
grasping hallux and a reduction in toe length (e.g., Harcourt-Smith, 2016; Rolian et al., 2009;
Harcourt-Smith and Aiello, 2004). Hominins also lost the long forelimbs typical of hominoids
which are hypothesized to be advantageous in vertical climbing (Fleagle et al., 1981; Preuschoft
and Witte, 1991).
These changes have been argued to restrict climbing behavior in hominins (e.g., Latimer,
1981). However, we know little about how size and body proportions affect climbing performance.
In this context, a thorough analysis of the climbing performance of humans and their closest
relatives was necessary to establish the impact derived human anatomical traits on climbing
performance.

The Performance Framework
The study of performance is an essential tool in evolutionary biology. Organisms must
perform specific functions (e.g. feed, move, maintain physiological homeostasis) in order to
survive and reproduce. Arnold (1983) proposed an analytical framework (Figure 1.1) for
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evaluating how morphology is linked to fitness via performance. He suggested that morphology
influences performance along a performance gradient and that performance in turn affects fitness
via a fitness gradient. Thus, a selection gradient linking morphology to fitness could be studied
through its component parts: the performance and fitness gradients.

Figure 1.1 The morphology performance fitness model redrawn from Arnold (1983) Figure 3 and
4. (a) Relationship between phenotypic traits Z, performance measures f, and fitness; W (b) the
selection gradient can be split in two; (c) the performance and the fitness gradients; (d) a
phenotypic trait can affect multiple performance measures and can be split along two performance
gradients.
First, Arnold’s "Morphology, Performance and Fitness" offered a solution to a fundamental
problem in biology at the time: the adaptationist program described by Gould and Lewontin (1979)
as the "reliance upon plausibility alone as a criterion for accepting speculative tales." Arnold's
paper not only proposed combining laboratory measurements of morphology and physiology with
field studies of evolution and selection to test adaptive hypotheses, it also proposed a statistical
model for measuring connections between phenotype, performance, and fitness.
Second, Arnold’s paper broke down the hefty question ‘How does phenotype affect
selection?’ into distinct parts that could be studied in isolation, then combined to address the larger
question. These parts are represented by the arrows in his model (Figure 1.1) and include
interactions between different traits, interactions between these traits and performance, and
interactions between performance and fitness. In principle, any part of this framework can be
studied in isolation, then recombined with other sets of interactions to analyze the larger system.
Arnold's model provided a common framework with which functional biologists studying
3

proximate questions on the mechanistic function of traits can interact with evolutionary biologists
focused on broad evolutionary processes and ecology. In doing so, he allowed for greater
interaction between traditionally isolated fields.

Dissertation Overview
Chapter 1: Introduction
Arnold's morphology, performance, and fitness model provides the underlying structure of
this dissertation. I explore the relationship between limb proportions and body mass as
morphological factors of three arboreal performance aspects: climbing energetics, climbing
fatigue, and canopy use (Figure 1.2).
Data linking limb proportions and body mass to climbing performance are scarce. While
it is known that the mass-specific cost of transport, (COT, J kg -1 m-1) during climbing is
independent of body mass (Hanna et al., 2008), the relationship between arm length and climbing
energetic costs has not been established. Climbing fatigue has strictly been assessed in modern
humans from a sports medicine point of view, and whether and to what extent human foragers
experience fatigue when climbing is unknown. This deserves attention, given that fatigue and
endurance can affect locomotor ecology (Garland, 1999). Finally, while canopy access has been
extensively studied in gorillas and chimpanzees, it has not been studied in the same environment,
and humans have not been included in these studies.
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Figure 1.2 Dissertation schematic based on morphology, performance and fitness model.
Chapter 2: Determinants of Climbing Energetic Costs in Humans
In chapter 2, I assess the factors that influence the metabolic cost of locomotion during
climbing. I evaluate the effects of speed, route difficulty, experience, and anatomical variation on
the energetic cost of vertical climbing in human rock climbers. Twelve experienced climbers
climbed a series of routes at a range of speeds (self-selected slow, normal, and fast) and difficulty
levels (easy, YDS 5.6; intermediate, YDS 5.8; and difficult, YDS 5.10) on an indoor vertical (90°)
wall with no overhangs or ledges. I found that body mass had no effect on the mass-specific cost
of transport (as previously reported in other studies). Climbing speed was positively correlated
with climbing efficiency. Route difficulty had no significant effect on energy expenditure.
However, climbing speed was significantly correlated with route difficulty, such that participants
climbed more difficult routes more slowly. I found no statistically significant correlation between
limb proportions and energetic costs, although several trends in the data suggest this should be
further tested in an intraspecific sample with more variation in limb proportion than is found in
modern humans.
5

Chapter 3: Grip Strength and Climbing Fatigue in Humans
This data chapter examines the relationship between morphology and both climbing grip
strength and endurance. First, I investigated the effects of body size and proportions using an
imposed climbing challenge (27 meters of ascent and descent) on grip strength and endurance in a
sample of n=28 U.S. rock climbers. Pre-climb maximum grip strength was positively correlated
with body mass (p<0.001), but mass-specific grip strength (ratio of grip strength to body weight)
was inversely correlated with body mass (p<0.001). After 27 meters of ascent on a vertical indoor
climbing wall, mean strength decreased by 15±2 % and endurance by 43±7 %. Both measures
recovered to pre-climb values after 15 minutes of rest (paired t test, p <0.05). Second, I tested
whether strength or endurance limit tree climbing during foraging in a sample of n=15 Mbendjele
foragers from the Republic of Congo. I found that men ascended trees, at an average of 52±4
meters per day, when collecting arboreal resources. Mbendjele men’s grip strength did not
significantly decrease after tree climbing (paired t-test, p=0.39). These results indicate that human
foragers can accrue daily tree-climbing rates comparable to other African apes without
approaching the limits of arm strength or endurance.
Chapter 4: Canopy Access and Use in Sympatric Apes
In this data chapter, I tested whether and how humans and other apes differ in arboreal
ecology, using a comparative data set of human positional behavior in trees compared with
sympatric chimpanzees and gorillas in northern Republic of Congo. The sample consisted of P.
troglodytes troglodytes (22 individuals; Goualougo Triangle research site), G. gorilla gorilla (19
individuals; Goualougo Triangle and Mondika research sites), and indigenous Mbendjele men (17
individuals; Makao village). Among key results I found that: 1) In trees, humans spend
significantly more time standing bipedally than apes; 2) humans spend significantly more time in

6

the core region near the main trunk (as opposed to the peripheral branches) than apes; and 3)
Humans use significantly smaller access trees than other apes. These data suggest that humans use
trees differently than apes but are nonetheless adept in an arboreal environment and capable of
foraging in the canopy.
Chapter 5: Conclusions
In the concluding chapter, I briefly I discuss the implications of my findings for hominin
evolution and propose future research directions.
The three core data chapters (Chapters 2-4) address the dearth of data linking climbing
performance and anatomy by each exploring a different aspect of performance. These chapters are
generally self-contained and envisioned for independent publication. The combination of these
chapters here is intended to form a holistic overview of how two morphological characteristics
impact climbing performance. To this end, the chapters are bound by this introductory chapter
(Chapter 1) and a concluding chapter (Chapter 5).
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CHAPTER 2: DETERMINANTS OF CLIMBING ENERGETIC COSTS IN HUMANS
Introduction
The energetic cost of vertical climbing is critical in understanding the ecological strategies
and evolutionary pressures acting on species that forage or sleep in trees and cliffs. In principle,
energy allocated to locomotion cannot be apportioned to other fitness promoting tasks such as
reproduction, growth, and somatic maintenance. When moving vertically, mechanical work is
required to raise the center of mass against gravity. The work required is a product of the body
mass of the organism, the vertical distance travelled, and gravity (Biewener, 2003). Various studies
have assessed the efficiency of climbing, which is defined as the ratio of mechanical energy
required for ascent (body mass × distance climbed × 9.81 J kg-1 m-1, for Earth’s gravity) divided
by the metabolic energy expended (Hanna, Schmitt, & Griffin, 2008; Pontzer, 2016). These studies
suggest that climbing efficiency is relatively constant at approximately 9.5% across a range of
species from cockroaches to humans, regardless of differences in postcranial anatomy ( e.g.: Hanna
et al., 2008; Pontzer, 2016). However, several lines of evidence suggest that this interpretation may
obscure the roles of additional factors, including body mass within species, limb proportions, climb
difficulty, and speed, which may contribute to the energetic cost of climbing.

Determinants of Climbing Energetic Costs
Body Size
The relationship between body mass and climbing locomotor costs needs further
investigation. While larger body size is correlated with higher absolute locomotor costs (J m -1) in
all modes of locomotion (Schmidt-Nielsen, 1972; Taylor et al., 1982; Rubenson et al., 2007), the
relationship between body mass and metabolic cost of ascent, here termed the mass-specific cost
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of transport (COT, J kg-1 m-1), varies across locomotor modes. It is well-established that the massspecific costs of walking and running decrease as body mass increases (Taylor et al., 1982; Pontzer
2016, etc). Less is known about the effects of body size on climbing costs. Taylor et al. (1972)
compared the cost of level-, ascent-, and descent-running in mice and chimpanzees and found that
the mass-specific cost of upward movement was the same for both taxa (15.5 J kg -1 m-1). Hanna
and colleagues (2008) also reported a non-significant trend of body size on climbing COT in a
sample of primates, where COT tended to decrease as a function of mass -0.12±0.13 (p=0.06). In both
studies, however, the lack of a statistically significant allometric relationship may reflect a modest
allometric effect and the relatively restricted range of body sizes analyzed. Pontzer (2016), using
a broader range of species and body size (from cockroaches to humans), found a similar allometric
trend, with climbing COT scaling with mass-0.16±0.02 (p<0.001). Notably, these studies have all
examined the effect of body mass interspecifically. The effect of body size on vertical climbing
costs within a species has not been investigated.
Limb Proportions
The effects of body proportions and postcranial adaptations on climbing costs have been
less studied. Longer forelimbs are often interpreted as adaptations for arboreal locomotion (e.g.,
Fleagle, 1981; Preuschoft & Witte, 1991) and one may predict that longer arms would be correlated
with lower climbing costs. In fact, models based on such considerations suggest that an increase
in arm length results in a decrease in external force on the forelimbs when climbing vertically
(Figure 2.1; Fleagle et al, 1981; Preuschoft & Witte, 1991). If longer arms decrease the muscle
forces required to maintain position on a vertical substrate (Figure 2.1), longer arms may be
correlated with lower climbing costs, as generation of muscle force is a determinant of locomotor
costs (Roberts et al., 1997). However, the relationship between relative arm length and climbing
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costs has not been previously assessed. Of note in human rock climbers, some studies (e.g.: Sheel
et al 2003, Magiera et al., 2013) support that limb proportions influence climbing ability and affect
competitive scores. The ratio of arm span to height, or “Ape index”, is positively correlated with
climbing ability (highest difficulty of ascended route). However, there is no significant difference
in limb lengths between recreational climbers and non-climbers (Grant et al., 1996; Mermier et al.,
2000). The relationship between climbing energetic costs and limb proportions has not been
directly evaluated.
Figure 2.1 Free-body diagram of an ape climbing.
FG is the force due to gravity (mass x 9.81 ms-2).
The forces at the forelimb (FARM) includes both a
vertical (FV1) and a horizontal (FH1) force vector.
The forces at the hindlimb (FLEG) also includes
both a vertical (FV2) and a horizontal (FH2) force
vector. When stationary, both vertical (red) and
horizontal (blue) forces must sum to 0.
Arm length and shoulder angle determine the
vertical (k) and horizontal (t) distances between the
handhold and foothold. Leg length determines the
horizontal distance (d) between the foothold and
center of mass (COM). An increase in
intermembral index (IMI) with a greater shoulder
angle, increases k relative to d. This leads to
relatively smaller horizontal forces (blue, FH1 and
FH2). This model suggests that an increase in IMI
reduces horizontal forces and associated costs
(based on Cartmill, 1974 and Preushoft and Witte
1991).
Difficulty
The effects of climbing speed and difficulty on the energy costs of climbing are also
understudied. One practical challenge to such investigations is establishing a reliable and
comparable method for determining route difficulty. In rock climbing, difficulty is often rated by
expert consensus with one of several widely used rating systems, such as the Yosemite Decimal
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System (YDS) in the United States of America. The level of rock-climbing difficulty may be
increased in several ways, including increasing the distance between holds and decreasing the size
of holds. More difficult routes may also include overhangs and necessitate more skills. Research
into the effect of route difficulty on climbing energy expenditure is relatively limited. Although it
appears difficulty is positively correlated with energetic cost, this observation may be influenced
by individual climber’s experience (Mermier 1997, Bertuzzi et al., 2007).
Speed & Analytical Approaches
The rate of ascent (m/s), or climbing speed, may affect the determination of climbing cost
in one of two ways. First, greater climbing speeds could require faster, less efficient muscle
contractions (Alexander, 1997) or impart some other mechanical or physiological effect on
climbing COT. These effects would likely be observed as decreases in efficiency. Such speed
effects on climbing COT have not been examined.
A second complication of speed studies arises in the analytical approaches used to calculate
climbing costs. Locomotor costs are assessed as a) the cost of locomotion (COL, J/kg/s), which is
the mass-specific power output during locomotion and b) the cost of transport (COT, J/kg/m),
which isthe mass-specific energy an organism expends per unit distance. Each of these measures
can be calculated in several ways (Figure 2.1, here: COL gross, COLnet, COTnet, and COTslope).
Calculated metabolic rates are affected by whether standing or resting metabolic cost is subtracted
from the gross metabolic cost. If one considers the total cost, COL gross, resting rate is not
subtracted. More commonly, researchers subtract resting costs to give the net rate of expenditure,
COLnet.
COT is calculated from COL (usually COLnet) in two common ways. When COL increases
linearly with speed, as it does in climbing and several other locomotor modes, COT slope is the slope
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of the linear regression of COL onto speed, which will have units J kg -1 m-1 (Schmidt Nielsen
1972, Taylor et al. 1982, Booth et al., 1999). Thus, COTslope is speed independent and represents
only the energetic cost an organism must expand to move a given distance above the cost from the
extrapolated y-intercept of the linear regression. COTslope does not account for any costs associated
with the y-intercept. Alternatively, COTnet can be derived by dividing COLnet by speed. If the yintercept for COLnet versus speed is positive (i.e., not 0), it follows that COTnet will not be speed
independent, nor will it be equal to COTslope. COTnet will decrease with climbing speed and will
have a horizontal asymptote equal to COTslope. The greater the y-intercept of the COLnet versus
speed relationship, the greater the discrepancy between COL net and COLslope at slower speeds.
The effect of the y-intercept for the COLnet versus speed relationship, often referred to as
the “postural cost” (e.g., Taylor et al. 1982; Pontzer et al. 2011, Schmidt-Nielsen, 1972), raises
questions about its physiological and biomechanical interpretation. Mathematically, the postural
cost is the extrapolated cost per second when the subject is not moving (v = 0 ms -1). However, the
y-intercept is not equal to either the resting or the standing metabolic rate (Taylor et al. 1982;
Heglund et al 2009). For example, the y-intercept for running in humans is significantly higher
than the standing metabolic cost, even though standing may appear equivalent to “running” at a
speed of 0 m/s (Heglund 2009, Rubenson et al. 2007). It is not clear which factors contribute to
the extrapolated y-intercept being higher than the standing or the resting metabolic rate.
Researchers have generally suggested that the costs associated with maintaining the postures of
locomotion (e.g., flexed limbs) are greater than those of standing, hence the greater extrapolated
cost at v = 0 ms-1. This reasoning has led to the term “postural cost” to describe the y-intercept
value of COL (Pontzer et al. 2011, Schmidt-Nielsen, 1972). Regardless of the reasons that the yintercept values are elevated above standing or resting costs, the choice to include or exclude the
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y-intercept related costs affects our interpretation of the

a

relationship between speed and climbing energetic costs.
In this study, I investigated the effects of body
size, limb length, route difficulty, and speed on vertical
climbing costs in a sample of adult human rock climbers.
Given results of previous studies (eg.: Hanna et al 2008,
Booth et al, 1999, Taylor et al 1972), I predicted that
COLnet would increase linearly with speed, but be

b

independent of body mass. I explored the effect of arm
length and route difficulty to test whether longer arms
reduce climbing costs and whether greater difficulty
increases costs. Finally, I examined postural cost and the
effects of different analytical approaches for calculating
COL and COT.
Methods
Subjects
Twelve healthy, experienced rock climbers (8 men
and 4 women) participated in this study. Institutional
human research approval (Hunter College: 2015-0438)

Figure 2.2 (a) Example of a linear
relationship of cost of locomotion as
a function of speed. (b) Example of
the relationship of slope derived
cost of transport (COTslope) and
COTnet with speed (given positive
linear relationship of cost of
locomotion as a function of speed as
in a).

was obtained prior to the study, and each subject provided informed consent prior to participating.
Anthropometric data including body mass, height, leg length and arm length, were all collected
prior to climbing trials (Table 2.1). Subjects were asked to refrain from eating or drinking (other
than water) for 4 hours prior to participation, but compliance was not verified.
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K10

Selfreported
experience
1

K12

Subject

Age (yr)

Gender

Mass

Height

(kg)

(cm)

Arm
length

Leg
length

(cm)

(cm)

IMI

Arm/height

MRrest
(J kg-1 s-1)

17

25

Male

83.9

180

63

93

68

0.35

1.61

3

47

Male

85.2

175

62

92

67

0.35

2.44

K13

1

24

Male

76.5

175

62

91

68

0.35

2.01

K14

3

39

Male

73.5

184

65

97

67

0.35

1.27

K2

2

38

Male

96.2

178

64

93

69

0.36

2.28

K3

2

25

Female

53.7

152

51

75

68

0.34

1.77

K4

1

38

Male

83.1

174

60

86

70

0.34

2.78

K5

1

26

Female

61.6

165

58

85

68

0.35

1.76

K6

3

22

Male

64.4

165

56

84

67

0.34

3.57

K7

2

32

Female

64.8

155

53

82

65

0.34

1.82

K8

3

38

Male

80.3

180

63

92

68

0.35

1.56

K9

3

41

Male

77.5

168

59

81

73

0.35

1.81

Table 2.1 Anthropometric, resting metabolic data, and self-reported data., one individual per row

Respirometry: The metabolic cost of climbing was measured using a wearable respirometry system
(Cosmed k4b2). The climbers were fitted with a lightweight plastic mask covering the mouth and
nose. The mask held an internal turbine to measure the flow rate of expired air and was connected
to a sensor that was worn in the middle of the subject’s back with a lightweight harness. The unit
measured both oxygen consumption (L/min) and carbon dioxide production (L/min) to calculate
metabolic energy expenditure (kcal/min). All participants took part in a standing metabolic rate
trial prior to climbing trials. They stood at rest for 5 minutes while wearing the respirometry system
to collect baseline energetic expenditure data.
Climbing trials Climbing trials took place at an indoor climbing gym (Gravity Vault, Chatham NJ,
USA) on a vertical (90°) wall with no overhangs or ledges. The section of the wall used was 2
meters wide and 9.5 meters high and included three routes set by gym staff and graded as 5.6
(easy), 5.8 (intermediate), and 5.10 (slightly more difficult) using the Yosemite Decimal System
(Kidd & Hazelrigs, 2009). The climbers wore their own light clothing, typically a short-sleeved tshirt and shorts and their personal climbing harness and climbing shoes during trials. Climbers’
safety was maintained by top-rope belay, common in rock climbing and familiar to the subjects.
A safety rope extends from the climber’s harness upward through an anchor at the top of the climb
and then back down to a trained belayer on the ground (Kidd & Hazelrigs, 2009). Ascent by the
climber creates slack in the rope, which is pulled in by the belayer through a braking device. The
rope offers no upward assistance to the climber but prevents them from falling to the ground in the
event of a fall while climbing. When the climber reaches the top of the climb, they release
themselves from the wall and are lowered back to the ground as the belayer feeds out rope. Each
climbing trial was conducted for a minimum of 4 minutes (mean: 4.62 ± 0.93, range: 4.26-8.41
min) in order to attain steady-state aerobic energy expenditure. Subjects climbed 4 to 6 times on a
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given route in rapid succession. Climbers were lowered quickly between climbs (mean: 11.4±2.5s,
range: 4-20s), to maximize the percentage of the trial spent climbing. I visually inspected the data
to confirm that the brief climbing pauses during lowering did not have a notable effect on the rate
of oxygen consumption or carbon dioxide production (Figure 2.3). The latter portion (1–2 minutes)
of steady state expenditure (kcal/min) was used for analyses.

Figure 2.3 Sample trace of VO2 use over a set of three climbing trials at self-selected normal,
slow, and fast speed in one rock-climbing participant.
In 39 of 55 trials, the respiratory exchange ratio (RER, VCO2 produced / VO2 consumed)
was less than or equal to 1.05, indicating that the body was relying predominantly on aerobic
respiration to supply energy (Table 2). In the remaining 17 trials, RER exceeded 1.05 (max: 1.29),
indicating some reliance on anaerobic respiration. Anaerobic respiration can bias measurements
of energy expenditure downward, because it does not consume oxygen and is therefore missed by
indirect calorimetry systems monitoring oxygen consumption. I tested for an effect of RER>1.05
in two ways. First, I tested for the effect of RER as a continuous variable in a linear mixed effect
(LME) model, with COLnet as the dependent variable, speed and RER as fixed effects, and subject
as a random effect. In these analyses, RER was not a significant factor in determining COL net
(0.6135±2.1619, p=0.78). Second, I repeated this analysis with RER as a categorical fixed effect
(greater or less than 1.05), and again found no effect of RER (0.6805±0.3753, p=0.08). Trials with
RER > 1.05 trended higher, which is the opposite direction of the expected effect on COL net if a
substantial proportion of energy were being supplied anaerobically.
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subject

difficulty

speed
type

order

RER

Speed

COLtot

COLnet

COTtot

COTnet

1/tc

(CO2/O2)

ms-1

J kg-1 s-1

J kg-1 s-1

J kg-1 m-1

J kg-1 m-1

s-1

20

K2

YDS 5.6

normal

1

0.97

0.25

15.58

13.30

62.91

53.71

0.45

K2

YDS 5.6

fast

2

1.17

0.32

19.44

17.16

61.69

54.46

0.51

K2

YDS 5.6

slow

3

0.99

0.17

15.97

13.69

93.50

80.16

0.28

K2

YDS 5.8

normal

4

0.96

0.14

13.57

11.29

95.29

79.30

0.25

K3

YDS 5.6

normal

1

0.96

0.15

15.30

13.53

98.92

87.51

0.30

K3

YDS 5.6

fast

2

1.14

0.22

18.40

16.63

83.01

75.04

0.34

K3

YDS 5.6

slow

3

1.03

0.14

15.13

13.36

108.07

95.46

0.75

K3

YDS 5.8

normal

4

0.85

0.11

14.56

12.80

131.40

115.47

0.22

K4

YDS 5.6

normal

1

1.07

0.17

14.63

11.84

88.59

71.74

0.28

K4

YDS 5.6

slow

2

1.02

0.13

12.56

9.78

100.39

78.16

0.20

K4

YDS 5.6

fast

3

1.14

0.25

19.12

16.34

77.61

66.32

0.46

K4

YDS 5.8

normal

4

0.96

0.13

14.88

12.10

113.89

92.59

0.23

K5

YDS 5.6

normal

1

1.06

0.22

13.45

11.70

59.98

52.15

0.41

K5

YDS 5.6

fast

2

1.26

0.32

16.57

14.81

51.72

46.24

0.61

K5

YDS 5.6

slow

3

0.97

0.17

11.84

10.09

70.61

60.14

0.30

K5

YDS 5.8

normal

4

0.87

0.18

12.34

10.58

68.23

58.52

0.27

K5

YDS 5.10 normal

5

0.94

0.17

13.34

11.58

76.45

66.37

0.19

K6

YDS 5.6

normal

1

0.97

0.19

16.07

12.50

83.12

64.65

0.35

K6

YDS 5.6

slow

2

0.98

0.15

15.53

11.95

106.40

81.93

0.20

21

K6

YDS 5.6

fast

3

1.11

0.30

22.73

19.16

75.29

63.46

0.50

K6

YDS 5.8

normal

4

0.91

0.18

18.26

14.69

100.95

81.20

0.28

K6

YDS 5.10 normal

5

0.96

0.14

16.83

13.26

118.46

93.33

0.26

K7

YDS 5.6

normal

1

0.89

0.17

13.17

11.36

78.88

68.00

0.30

K7

YDS 5.6

slow

2

0.91

0.15

12.26

10.44

84.21

71.73

0.17

K7

YDS 5.6

fast

3

1.06

0.18

15.22

13.40

82.32

72.49

0.34

K7

YDS 5.8

normal

4

0.84

0.14

13.55

11.73

97.12

84.10

0.21

K7

YDS 5.10 normal

5

0.95

0.06

7.53

5.71

129.14

97.98

0.16

K8

YDS 5.6

normal

1

0.92

0.23

15.14

13.58

65.54

58.79

0.40

K8

YDS 5.6

fast

2

1.12

0.30

20.90

19.34

70.23

64.99

0.45

K8

YDS 5.6

slow

3

0.94

0.17

16.41

14.85

97.61

88.34

0.27

K8

YDS 5.8

normal

4

0.83

0.18

15.44

13.88

85.42

76.79

0.29

K8

YDS 5.10 normal

5

0.92

0.15

16.19

14.63

111.45

100.72

0.23

K9

YDS 5.6

normal

1

1.05

0.20

16.09

14.28

78.87

70.01

0.32

K9

YDS 5.6

slow

2

1.04

0.17

13.43

11.62

80.72

69.86

0.25

K9

YDS 5.6

fast

3

1.15

0.27

16.45

14.65

61.92

55.11

0.44

K9

YDS 5.8

normal

4

0.87

0.16

13.20

11.39

83.38

71.97

0.27

K9

YDS 5.10 normal

5

0.91

0.16

13.00

11.20

83.14

71.59

0.24

K10

YDS 5.6

normal

1

1.10

0.17

12.22

10.61

70.88

61.55

0.28

K10

YDS 5.6

fast

2

1.29

0.26

15.60

13.99

59.92

53.74

0.46

K10

YDS 5.6

slow

3

1.13

0.17

12.83

11.23

76.95

67.31

0.30

K10

YDS 5.8

normal

4

1.03

0.15

12.30

10.69

81.12

70.52

0.26
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K12

YDS 5.6

normal

1

1.05

0.15

10.72

8.28

72.19

55.76

0.32

K12

YDS 5.6

slow

2

1.10

0.12

10.63

8.19

87.81

67.66

0.17

K12

YDS 5.8

normal

3

0.98

0.14

10.33

7.89

71.30

54.46

0.29

K12

YDS 5.10 normal

4

0.97

0.10

9.42

6.97

95.57

70.80

0.16

K12

YDS 5.6

fast

5

0.99

0.22

12.36

9.92

56.22

45.12

0.31

K13

YDS 5.6

normal

1

0.97

0.17

13.00

10.98

76.14

64.34

0.34

K13

YDS 5.6

slow

2

1.04

0.15

11.90

9.88

80.98

67.26

0.20

K13

YDS 5.6

fast

3

1.16

0.24

15.42

13.41

63.35

55.07

0.32

K13

YDS 5.8

normal

4

0.99

0.14

12.56

10.55

87.13

73.16

0.27

K14

YDS 5.6

normal

1

1.01

0.14

11.02

9.75

80.87

71.53

0.22

K14

YDS 5.6

fast

2

1.24

0.22

14.81

13.54

67.04

61.27

0.36

K14

YDS 5.6

slow

3

1.12

0.12

10.78

9.51

89.01

78.49

0.21

K14

YDS 5.8

normal

4

0.96

0.13

11.19

9.92

86.57

76.72

0.24

Table 2.2 Individual climb data including energetic and kinematic data.

Trial Order
The trial order was determined as follows. First, each participant climbed three trials on
the 5.6 route: one at their self-selected “normal” speed, one at a self-selected slower speed, and
one at a self-selected faster speed. Two-minute breaks were taken in between each trial. The
‘normal’ speed trial was always conducted first. Half of the subjects were randomly assigned to
perform the “slow” trial second, whereas the other half performed the “fast” trial second. A fourminute rest was taken at the conclusion of the 5.6 trials. Next, participants climbed the 5.8 route
at a self-selected “normal” speed. After another four-minute break, participants climbed the 5.10
route at a self-selected “normal” speed. Five participants were unable to complete the 5.10 trial
due to fatigue.
Kinematic Data
For each trial, one vertical route was recorded at 30 frames s -1 with a Casio Exilim FX 1
camera and analyzed with the open source program Kinovea (www.kinovea.org). Contact time is
the length of time for which a limb is in contact with the ground (stance phase) within one stride
(Biewener, 2003). In quadrupedal animal locomotion, contact time is often measured for one
representative limb such as the rear left limb (e.g.: Schoonaert et al., 2016). However, during rock
climbing, contact time varied significantly between different limbs. Therefore, I measured contact
time for all visible strides of each limb. Due to camera placement and climbing style, certain limbs
were more visible than others. For each trial, I reported the mean of pooled contact times (Table
2.2). These means are used in further analyses.
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Analysis
I defined MRstand (J kg-1 s-1) as the mass-specific metabolic rate of each participant’s standing
trial. For each climbing trial, I calculated net cost of locomotion, COL net (in J kg-1 s-1) as:
[1]

COLnet = MRtrial – MRstand

I calculated the net cost of transport (COTnet in J kg-1 m-1) as:
[2]

COTnet = COLnet v-1.

where v is climbing ascent speed, m/s. I calculated metabolic efficiency as the ratio of mechanical
power output to metabolic power input:
[3]

Effnet = g COTnet-1

where g is the gravitational constant: 9.81 ms -2.
As shown in this derivation and in Figure 2.4, COTnet and efficiency are, in effect, different
expressions of COLnet and speed. Thus, to determine the effects of mass, difficulty, and arm length,
I examined each variable as a fixed effect in a linear mixed effects model with COL net as the
dependent variable, speed as a fixed effect, and subject as a random effect. I then plotted results
for COLnet, COTnet, and efficiency.
Statistical analyses were carried out in R (R Core Team, 2018) using the lmer() function
in the lme4 package. Best models were evaluated using the anova() function, based on a loglikelihood ratio test. Since true R2 (coefficient of determination) cannot be calculated in LME
models, model fit was evaluated using the conditional (R 2c) and marginal (R2m) coefficients of
determination in the R package MuMIn. R 2m assesses fits using only the fixed variables, whereas
conditional fits R2c include random and fixed factors. Thus, an increase in R 2m, without a
concurrent increase in R2c, indicates some of the explanatory power of random effects is being
subsumed into fixed effects. Throughout this text, means are presented with plus or minus one
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standard deviation, and model coefficients and intercepts are presented with plus or minus one
standard error.
Comparative Data
To examine whether humans exhibit a different relationship between cost and speed than
other primates, I included comparatives from Hanna and colleagues (2008). These data were
collected using indirect calorimetry with 5 species of non-human primates climbing a rope
treadmill. COLnet was calculated from measurements reported in Hanna (2006) using the same
approach as described here for human data. Because Hanna (2006) reports means for each
individual, I calculated mean values for each human subject in this dataset prior to comparative
analyses. I also included human rock-climbing data from Booth et. al, (1999) for comparison.

Results
Determinants of Climbing Costs
As expected, speed was the primary determinant of COLnet for human rock climbers (Figure
2.4a). COLnet increased linearly with speed (model coefficient= 34.5±2.8, df= 44.2, p<0.001) with
a statistically significant positive y-intercept or postural cost (model intercept= 6.06±0.6, df=36.8,
p<0.001). Note that this postural cost was over and above the cost of standing, MR stand (mean 2.06±
0.18 J kg-1 s-1, Table 2.2). Due to the differential effects of the postural cost on COT net versus
COTslope, COTnet decreased with climbing speed, approaching COTslope (Figure 2.4b) at faster
speeds. The COTslope asymptote is equal to the slope of the COLnet versus speed regression,
34.5±2.8 J kg-1 m-1. The effect of speed is likewise evident in efficiency. Efficiency increases as a
function of speed, with an asymptote value of 28% (95% CI: 24-33%) (Figure 2.4c), near the
theoretical maximum efficiency for muscle (Hill, 1922). However, I note that 28% is the
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extrapolated efficiency as speed approaches infinity. The highest observed efficiency in this study
was ~21%.
Anthropometric variables did not affect climbing costs. In LME models with speed and
subject as factors, neither body mass (model coefficient= -0.04±0.06, p=0.32) nor arm length
(model coefficient: -0.14±0.20, p=0.20) was a significant factor when included in the model (Table
2.3). Similarly, other expressions of arm length, including intermembral index (model coefficient=
9.29±25.46, p=0.72) and arm length / height (model coefficient=-102.20±143.89, p=0.20) were
not significant factors for COLnet (Table 2.3). Self-reported climbing experience was also unrelated
to COLnet (0.35±1.08, p=0.53). Note that no anthropometric variables nor experience were
collinear with speed (Table 2.4).
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a

b

c

Figure 2.4 COLnet (a), COTnet (b), and efficiency (c) as a function of speed. The black line depicts
a linear model for COLnet as a function of speed and its derivations for COTnet and efficiency in
panels B and C. In each panel, the gray area represents model 95% CI. Symbols represent selfselected speeds: circles, normal speed; squares, slow speed; triangles, fast speed.
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Model

R2m

R2 c

lmer (COLnet ~ speed + (1 | subject))

0.53

0.86 187

lmer (COLnet ~ tc-1 + (1 | subject))

0.39

0.73 215

lmer (COLnet ~ speed + mass + (1 | subject))

0.54

0.86 193

lmer (COLnet ~ speed + imi + (1 | subject))

0.53

0.86 181

lmer (COLnet ~ speed + arm + (1 | subject))

0.55

0.86 190

lmer (COLnet ~ speed + height + (1 | subject))

0.53

0.86 193

lmer (COLnet ~ speed + difficulty + (1 | subject))

0.55

0.86 188

lmer (COLnet ~ speed + experience + (1 | subject)) 0.52

0.86 188

AIC

Table 2.3 Tested COLnet linear mixed effect models. Selected model is bolded.

Variable

Type of test

Correlation coefficient Significance

Experience

Spearman’s test ρ = -0.09

p =0.64

Difficulty

Spearman’s test ρ = -0.57

p <0.01

Inverse contact time

Pearson’s test

p <0.01

Body mass

Spearman’s test ρ = 0.15

p=0.42

Arm length

Spearman’s test ρ = 0.17

p=0.36

Height

Spearman’s test ρ = 0.15

p=0.43

IMI

Spearman’s test ρ = 0.31

p=0.08

r = 0.87

Table 2.4 Correlation tests between speed and potential explanatory variables of COL net.
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Likewise, route difficulty had no effect on COLnet in LME models with speed and
subject. However, route difficulty significantly correlated with speed. When controlling for
individual subjects, speed varied significantly as a function of difficulty level (repeated measures
ANOVA: F (2,17) = 20.3, p<0.01). Subjects climbed the easiest route (YDS 5.6) the fastest, at
0.18 ±0.03 ms-1, the intermediate route (YDS 5.8) at slower speeds, 0.15 ±0.02 ms -1, and the
hardest route (YDS 5.10) the slowest, 0.13 ±0.04 ms -1 (Figure 2.5a). Subsequently, mean COLnet,
COTnet, and efficiency did vary with difficulty. Climbing more difficult routes was more costly
and less efficient, but only by virtue of the rate of ascent being slower (Figure 2.5b,c,d).

Figure 2.5 Speed (a), COLnet (b), COTnet (c), and efficiency (d) by difficulty level during selfselected normal speed trials. Dashed lines represent significantly different pairs (p<0.05, Tukey
HSD test).
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Contact time was strongly collinear with speed. I found that the inverse of contact time (tc 1

) was highly positively linearly correlated with climbing speed (Figure 2.6), as has been

previously reported (e.g., Roberts et al., 1998). As climbing speed increases, the average time any
limb is in contact with the support decreases. However, unlike studies of running cost (e.g., Kram
and Taylor, 1990), tc-1 was not a better predictor of COLnet than speed. In LME models with speed
and subject as factors, tc-1 was not a significant factor. Further, an LME model using tc-1 and
subject as factors did not explain as much of the variance in COL net as a model of speed and subject
(Table 2.3).

Figure 2.6 Speed and inverse contact time are collinear. The black line depicts a general linear
model. The grey area represents model 95% CI. Symbols represent self-selected speeds: circles,
normal speed; squares, slow speed; triangles, fast speed.
Comparison of Human and Non-Human Data
In comparing data from this study, and those collected by Hanna (2006) and Booth (1999),
I found that COLnet relative to speed is not significantly different in humans and non-human
primates (Figure 2.7, Table 2.5). Postural costs estimated from the human means (4.2± 6.2 J kg -1
s-1) trended higher than that for non-human primates (2.39± 2.48 J kg -1 s-1), but there was no effect
of group (human versus non-human) on COLnet in a general linear model with speed as a factor
(ancova test: p=0.79).
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Figure 2.7 Mean COLnet as a function of mean speed. Humans in yellow and non-human primates
in green.
Study
Hanna et al 2008

Taxon
Climb Type
L. tardigradus rope

mean J/kg/s SD J/kg/s m/sec
5.80
1.05
0.07

Hanna et al 2008

C. medius

rope

8.60

3.18

0.08

Hanna et al 2008

N. pygmaeus

rope

4.65

0.35

0.07

Hanna et al 2008

S. Boliviensis

rope

12.05

0.07

0.19

Hanna et al 2008

E. mongoz

rope

9.83

1.40

0.13

this study

H. sapiens

5.6

11.81

1.76

0.18

this study

H. sapiens

5.8

11.47

1.90

0.15

this study

H. sapiens

5.1

10.56

3.20

0.13

Booth et al 1999

H. sapiens

5.10d

10.98

0.67

0.05

Sheel et al 2003

H. sapiens

5.11c

7.60

1.23

not reported

Sheel et al 2003

H. sapiens

5.10c

6.73

1.10

not reported

Mermier et al 1997 H. sapiens

5.11+

8.34

1.64

not reported

Mermier et al 1997 H. sapiens

5.9

7.33

1.77

not reported

Mermier et al 1997 H. sapiens

5.6

6.93

2.71

not reported

Watts et al 2000

H. sapiens

5. 12b

8.27

1.44

not reported

Billat et al 1995

H. sapiens

5.12a

8.34

0.40

not reported

Billat et al 1995

H. sapiens

5.12a

6.90

0.30

not reported

Table 2.5 Energetic cost of climbing in humans and non-human primates. The data from this study
only include self-selected normal speeds.
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Discussion
Mechanical Work
In this study, mechanical work and power are excellent predictors of climbing locomotor
costs, consistent with other studies of vertical climbing (Hanna et al 2008, Booth et al 1999). In
vertical climbing, the minimum energy required to move one kilogram of body mass one meter
vertically is equal to the corresponding gain in gravitational potential energy (9.81 J kg-1 m-1),
regardless of the organism’s body mass. If COLnet is independent of body size, the metabolic cost
of climbing in humans and non-human primates can be chiefly explained by the cost of performing
muscular work against gravity. Therefore, unlike in level locomotion, climbing COT is relatively
constant across species.
In contrast, for level walking and running, there is a well-established body size dependent
decrease in COT, both inter- and intra-specifically (Rubenson et al., 2007). This size-dependence
of COT during level locomotion is not due to the allometry of mechanical work, which is largely
independent of body size and roughly 10-fold lower than in vertical climbing (~1 J kg-1 m-1,
Heglund et al., 1982; Full and Tu, 1991). Instead, the negative allometry of walking and running
COT is thought to be mediated by the increasing limb lengths, longer contact times, and reduced
rates of ground force production as body size increases (Kram and Taylor, 1990, etc). To run faster,
individuals move their limbs more rapidly and reduce the portion of time in contact with the ground
(contact time, tc). In doing so they and thereby increasing the force generated against the ground
and their locomotor costs (Biewener, 2003). In level locomotion, COLnet is closely correlated with
tc-1, both within and across species (Rubenson, 2007). In contrast, in my study of climbing costs,
while speed and tc-1 were closely correlated (r2=0.85, Figure 2.6), speed was a significantly better
predictor of COLnet than tc-1 (Table 2.3).
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The poor association between tc-1 and climbing costs suggests that the physiological
consequences of shorter contact times (eg: greater muscle activation (Pontzer, 2016) or faster cross
bridge cycling (Kram and Taylor, 1990) are small relative to the mechanical work costs of vertical
climbing. Alternatively, this result may reflect some limitations of the study. Indeed, t c-1 is perhaps
not measured with sufficient precision leading to a lower correlation with speed or COT. In
addition, in this study, measuring only one ascent per trial and pooling data from all limbs may
have introduced error in tc-1.
Speed
My results show that speed is the primary determinant of COT net and COLnet. In this study,
climbers significantly decreased their climbing costs by increasing their speed. For each additional
0.05 ms-1 of speed the model predicts a 1.73 J kg-1 s-1 increase in metabolic rate. Measurements of
COLnet and COTnet in the present study are consistent with those reported previously for rock
climbers (Table 2.5), particularly when accounting for speed effects. Booth et al. (1999) reported
higher costs for outdoor climbing than for indoor, climbing-treadmill trials. They suggested that
the difference in cost was related to climbing speed, with the slower outdoor trials requiring more
“static work” to maintain position on the wall. Results here support that explanation, with strong
agreement in cost values with Booth et al. (1999). It should also be noted that Halsey and
colleagues also found that speed was a predictor of locomotor costs in parkour courses intended to
mimic an arboreal environment (2017).
The effects of speed on climbing cost could affect climbing ecology and behavior. In
principle, an individual could choose to climb quickly as a strategy to minimize cost. Although
more work is needed to thoroughly evaluate this hypothesis, my preliminary data show that rock
climbers appear to favor speeds at which efficiency is at least 10% (Figure 2.8). Examining the
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self-selected climbing speeds of both wild animals and humans is a promising area of further
research into cost minimization since climbing speed may be behaviorally modulated to minimize
climbing cost.

Figure 2.8 Self-selected normal speed and efficiency
Postcranial Anatomy
Overall, results suggest that postcranial anatomy is not a significant determinant of
climbing locomotor costs. First, as reported by Hanna and colleagues (2008), I found no significant
difference in climbing costs between humans and other primates (Figure 2.7). The large variation
in body size ( <1kg in non-human primates to >60 kg in humans), limb proportions (intermembral
indices ranging from approximately 68 in humans to greater than 100 in the other primates), and
other anatomical traits (eg.: grasping foot, digit length and curvature) across this sample clearly
supports the conclusion that postcranial anatomy does not affect climbing costs. Critically, in my
controlled study of human rock climbers, I did not find an effect of limb length or body mass
(Table 2.3).
The lack of postcranial effects on climbing costs, here and in broad comparative analyses,
does not definitively rule out an effect of postcranial traits on climbing cost. In the present study,
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the range of variation in IMI was small (67-73, Table 2.1). Moreover, the effects of arm length and
arm length over height, while not statistically significant, were negative, suggesting a possible
effect on cost. Halsey and colleagues (2017) found that athletes with greater arm spans were able
to increase speed and decrease locomotor costs, when they trained on an obstacle course. However,
the relationship of limb length and other postcranial traits to climbing energy expenditure warrants
further study to determine whether there may be relatively small but ecologically salient effects.
Primates are ideally suited for examining the determinants of climbing locomotor costs, since they
are proficient climbers spanning a large range of body sizes and limb proportions. In addition, their
study may hold important implications for human and primate evolution, considering more broadly
the limb proportions of non-human apes and fossil hominins.
In conclusion, I found that climbing mass-specific cost of transport is independent of body
mass in an intra-species sample consistent with previous work (Hanna et al 2008, Taylor et al.
1972). I show that COT is largely dependent of climbing speed (as previously suggested by Booth,
1999). Neither difficulty nor experience were associated with variation in COT. Finally, this study
revealed that postcranial traits and kinematics were not associated with variation in COT net.

35

References
Alexander, R. M. (1997). Optimum Muscle Design for Oscillatory Movements. Journal of
Theoretical Biology, 184(3), 253–259.
Bertuzzi, R., Franchini, E., Tricoli, V., Lima-Silva, A. E., Pires, F. D. O., Okuno, N. M., & Kiss,
M. A. P. D. M. (2012). Fit-climbing test: a field test for indoor rock climbing. Journal of
Strength and Conditioning Research, 26(6), 1558–1563.
Biewener, A. A. (2003). Jumping, climbing and suspensory locomotion. In: Animal locomotion
Oxford, United Kingdom: Oxford University Press.
Billat, V., Palleja, P., Charlaix, T., Rizzardo, P., & Janel, N. (1995). Energy specificity of rock
climbing and aerobic capacity in competitive sport rock climbers. The Journal of Sports
Medicine and Physical Fitness, 35(1), 20–24.
Booth, J., Marino, F., Hill, C., & Gwinn, T. (1999). Energy cost of sport rock climbing in elite
performers. British Journal of Sports Medicine, 33(1), 14–18.
Cartmill, M. (1974). Pads and claws in arboreal locomotion. In: Jenkins FA, editor. Primate
Locomotion. New York: Academic Press. p 73–88
Deyhle, M. R., Hsu, H.-S., Fairfield, T. J., Cadez-Schmidt, T. L., Gurney, B. A., & Mermier, C.
M. (2015). Relative Importance of Four Muscle Groups for Indoor Rock Climbing
Performance. Journal of Strength and Conditioning Research, 29(7), 2006–2014.
Fleagle, J.G., Stern, J.T., Jungers, W.L., Susman, R.L., Vangor, A.K., Wells, J.P. (1981).
Climbing: a biomechanical link with brachiation and with bipedalism. In MH Day (ed.):
Vertebrate Locomotion. Symp. Zool. Soc. Lond. 48:359-375.
Full, R. J., & Tullis, A. (1990). Energetics of ascent: insects on inclines. Journal of Experimental
Biology, 149(1), 307–317.

36

Garland, null. (1999). Laboratory endurance capacity predicts variation in field locomotor
behaviour among lizard species. Animal Behaviour, 58(1), 77–83.
Grant, S., Hynes, V., Whittaker, A., & Aitchison, T. (1996). Anthropometric, strength, endurance
and flexibility characteristics of elite and recreational climbers. Journal of Sports
Sciences, 14(4), 301–309.
Halsey, L. G., Coward, S. R. L., Crompton, R. H., & Thorpe, S. K. S. (2017). Practice makes
perfect: Performance optimisation in “arboreal” parkour athletes illuminates the
evolutionary ecology of great ape anatomy. Journal of Human Evolution, 103, 45–52.
Hanna, J. B., Schmitt, D., & Griffin, T. M. (2008). The energetic cost of climbing in primates.
Science (New York, N.Y.), 320(5878), 898.
Heglund, N. C., Cavagna, G. A., & Taylor, C. R. (1982). Energetics and mechanics of terrestrial
locomotion. III. Energy changes of the centre of mass as a function of speed and body
size in birds and mammals. The Journal of Experimental Biology, 97, 41–56.
Hill, A. V. (1922). The maximum work and mechanical efficiency of human muscles, and their
most economical speed. The Journal of Physiology, 56(1–2), 19–41.
Kidd, T. W., Hazelrigs, J., & Wilderness Education Association (U.S.) (Eds.). (2009). Rock
climbing. Champaign, IL: Human Kinetics.
Kram, R., & Taylor, C. R. (1990). Energetics of running: a new perspective. Nature, 346(6281),
265–267.
Magiera, A., Roczniok, R., Maszczyk, A., Czuba, M., Kantyka, J., & Kurek, P. (2013). The
structure of performance of a sport rock climber. Journal of Human Kinetics, 36, 107–
117.
Mermier, C. M., Janot, J. M., Parker, D. L., & Swan, J. G. (2000). Physiological and

37

anthropometric determinants of sport climbing performance. British Journal of Sports
Medicine, 34(5), 359–365; discussion 366.
Mermier, C. M., Robergs, R. A., McMinn, S. M., & Heyward, V. H. (1997). Energy expenditure
and physiological responses during indoor rock climbing. British Journal of Sports
Medicine, 31(3), 224–228.
Pontzer, H. (2016). A unified theory for the energy cost of legged locomotion. Biology Letters,
12(2), 20150935.
Pontzer, H., Raichlen, D.A., Sockol, M.D. (2011). From Treadmill to Tropics: Calculating
Ranging Cost in Chimpanzees. In: D’Août, K., & Vereecke, E. E. (Eds.). (2011). Primate
locomotion: linking field and laboratory research. New York: Springer.
Preuschoft, H., Witte, H. (1991). Biomechanical reasons for the evolution of hominid body
shape. In: Coppens, Y., Senut, B. (Eds.). Origine(s) de la Bipedie chez les Hominides.
Paris: Centre National de la Recherche Scientifique. pp. 59-77.
Roberts, T. J., Kram, R., Weyand, P. G., & Taylor, C. R. (1998). Energetics of bipedal running.
I. Metabolic cost of generating force. The Journal of Experimental Biology, 201(Pt 19),
2745–2751.
Roberts, T. J., Marsh, R. L., Weyand, P. G., & Taylor, C. R. (1997). Muscular force in running
turkeys: the economy of minimizing work. Science (New York, N.Y.), 275(5303), 1113–
1115.
Rubenson, J., Heliams, D. B., Maloney, S. K., Withers, P. C., Lloyd, D. G., & Fournier, P. A.
(2007). Reappraisal of the comparative cost of human locomotion using gait-specific
allometric analyses. The Journal of Experimental Biology, 210(Pt 20), 3513–3524.
Schmidt-Nielsen, K. (1972). Locomotion: energy cost of swimming, flying, and running. Science

38

(New York, N.Y.), 177(4045), 222–228.
Sheel, A. W. (2004). Physiology of sport rock climbing. British Journal of Sports Medicine,
38(3), 355–359.
Sheel, A. William, Seddon, N., Knight, A., McKenzie, D. C., & R Warburton, D. E. (2003).
Physiological responses to indoor rock-climbing and their relationship to maximal cycle
ergometry. Medicine and Science in Sports and Exercise, 35(7), 1225–1231.
Taylor, C. R., Caldwell, S. L., & Rowntree, V. J. (1972). Running up and down hills: some
consequences of size. Science (New York, N.Y.), 178(4065), 1096–1097.
Taylor, C. R., Heglund, N. C., & Maloiy, G. M. (1982). Energetics and mechanics of terrestrial
locomotion. I. Metabolic energy consumption as a function of speed and body size in
birds and mammals. The Journal of Experimental Biology, 97, 1–21.
Watts, P. B., Daggett, M., Gallagher, P., & Wilkins, B. (2000). Metabolic Response During
Sport Rock Climbing and the Effects of Active Versus Passive Recovery. International
Journal of Sports Medicine, 21(3), 185–190.

39

CHAPTER 3: GRIP STRENGTH AND CLIMBING FATIGUE IN HUMANS
Introduction
Modern humans can be quite adept tree climbers (Venkataraman et al., 2013; Kraft et al.,
2014), but we know little about the factors affecting climbing performance or limiting treeclimbing in human foragers. Previous studies of climbing performance in humans and other
primates have focused on the energy cost of climbing and its determinants (Taylor et al. 1972;
Isler, 2005, Hanna et al. 2008) or on the effects of arboreal adaptations (e.g., a grasping foot) on
canopy access (DeSilva, 2009; Lovejoy et al., 2009; McNutt et al., 2018, Fernandez et al., 2018),
topics which I discuss in Chapters 2 and 4. In this chapter, I examine a largely overlooked aspect
of climbing performance: fatigue.
Fatigued climbers may fall, risking death. Thus, fatigue is an evolutionarily relevant
measure of climbing performance. As rock climbers tire, they are at higher risk of losing their grip
and falling (Watts et al, 1996; Dyehle et al, 2015). Falls are particularly dangerous for large
animals, because the momentum (mass × velocity) that must be dissipated upon impact increases
as a function of mass (Haldane, 1928). Both humans and African apes climb to heights where falls
are dangerous and potentially fatal. Malaysian Batek foragers climb trees over 50 meters in height
(Endicott, 1979; Endicott and Endicott, 2008, reviewed in Kraft et al., 2014). As discussed in
Chapter 4, chimpanzees and gorillas regularly climb to heights in excess of 20 meters, from which
a fall is likely fatal. Data from an industrial population suggests that over half of falls from 15.6
meters, and all falls from above 19.2 meters onto concrete result in human death (Risser et al.,
1995). This indicates that limiting fatigue should be under selective pressure, due to the risk of
falls, in non-human apes and in tree-climbing human populations.
Data analyses shows that falls are a substantial cause of mortality both in chimpanzees and
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humans, indicating selective pressure to avoid falls. The percentage of male deaths linked to falls
in chimpanzees is estimated at 4%, while in Aka and Agta hunter-gatherers, climbing-mortality
rates are 1.8% and 6.8 % respectively (compiled by Kraft et al., 2014 from Goodall, 1986;
Headland et al., 2011; Hewlet et al., 1986). Likewise, skeletal analyses provide ample evidence of
falls in wild apes (Lovell, 1990; Jurmain 1997; Carter et al., 2008). Falls from tree stands used by
hunters in the U.S. are also informative: 8% of reported falls from these stands lead to death
(Hanlanski and Corden, 2008) and 80% of them require a medical operation (Crockett et al., 2010).
These specific examples strongly support the notion of selective pressures arising against falls in
climbing apes and humans.

Defining and Measuring Fatigue and Endurance
Fatigue can be defined as the reduction of muscle performance during exercise and the
associated sensation of being tired (Abyss and Laursen, 2005). Muscle fatigue has been defined as
“exercise-induced reduction in the ability to exert muscle force or power” (Bigland-Ritchie and
Woods, 1984). Endurance, a related measure, can be thought of as the inverse of fatigue.
Endurance is typically defined as the maximum duration that a subject can maintain a given muscle
force or metabolic power output (Booth et al., 1999). Fatigue and endurance are related because
the rate of decline in muscle performance (fatigue) will dictate the maximum amount of time a
given force or power output can be maintained (endurance).
Fatigue involves several processes including oxygen and energy supply, neuromuscular
communication, thermoregulation, and psychological effects (Noakes, 2000; Brooks et al., 2000;
Cairns et al. 2005; Hampson et al., 2001). The “central governor” model of fatigue holds that there
is a central governor, likely located in the brain, which controls fatigue (Noakes, 2000). The central
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governor model posits that fatigue is a protective mechanism used by the brain to reduce or cease
activity prior to over-exertion or complete fuel depletion. In an extended version of the model,
multiple physiological systems contribute to regulate exercise performance via constant feedforward and feedback loops (St. Clair Gibson and Noakes, 2004; Noakes et al., 2004; Ament and
Verkerke, 2009). The central governor can thus optimize movement while maintaining all systems
in homeostasis.
In animals, fatigue has generally been assessed through measures of endurance. One
common measure of endurance in both humans and animals is VO2 max, the maximal rate of
oxygen uptake during exercise in ml O2 min-1. VO2 max is a useful measure of endurance because
it defines the maximum power output that can be supported through aerobic respiration, and thus
the maximal power output that can be maintained for several minutes or more (Levine, 2008).
Power output above VO2 max requires anaerobic respiration, which can only be maintained for
short bursts. In rodent studies, forced swim tests are widely used in conjunction with blood lactate
concentration to assess fatigue and endurance (e.g.: Dawson and Horwarth, 1970; dos Reis et al.,
2011). Other common measures of endurance in animals are maximum sustained speed in
swimming and running (e.g.: Albuquerque et al., 2015; Dlugosz et al., 2009).
Fatigue and endurance have not been assessed in wild primates, despite their ecological
and evolutionary relevance. In lizards, species with the highest running endurance (measured in a
laboratory) also travel the largest distances in the field (Garland, 1999). This result suggests that
endurance and locomotor behavior are co-adapted in these animals. Further, the association of
endurance and daily travel distance suggests that fatigue can be a determinant of foraging ecology.
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Fatigue and Endurance in Climbing
Fatigue during recreational rock climbing has been systematically studied from sports
medicine and performance perspectives. Changes in maximum grip strength and endurance are
common measures of fatigue in these studies (e.g.: Watts et al, 1996; Dyehle et al., 2015). Strength
is measured as the maximum force a particular muscle group can produce at a given joint.
Maximum voluntary contraction (MVC) is the maximum force that an individual can produce at a
joint voluntarily. MVC decreases during exercise and is used as a measure of fatigue. In climbing,
finger and elbow flexor strength decreases as a function of climbing time (Watts et al., 1996;
Quaine and Martin, 2003). Endurance in studies of human climbing has typically been measured
as the length of time an individual can maintain a specified force (e.g., 70% of their maximum
strength) or the distance an individual can climb before falling (Deyhle, et al. 2015). Like strength,
endurance decreases as a function of climbing time (Watts et al, 1996; Dyehle et al., 2015).
Most studies examining fatigue and endurance during climbing have focused on the finger
flexors. The apparent consensus among rock climbers is that the finger flexors are the most critical
muscle group for climbing performance, and many training programs focus on finger flexor
strength and endurance (Kidd and Hazelrigs, 2009). In a study using climbing distance to measure
endurance, Deyhle et al. (2015) compared the effect of fatigue in the finger flexors, shoulder
adductors, elbow flexors and lumbar flexors on climbing endurance. They reported that pre-climb
fatigue of finger and elbow flexors resulted in fewer climbing moves before falling than in
unfatigued controls. In contrast, fatigue of lumbar flexors and shoulder adductors had no
significant effect on the number of climbing moves before falling.
Human climbers appear to experience little to no fatigue in the hindlimb, likely because
forelimb fatigue limits climbing before the effort can induce fatigue in the hindlimb (Deyhle, et al.
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2015). The importance of the forelimbs is supported by the finding that injuries to the forelimb are
particularly common in rock climbers (Holtzhausen and Noakes, 1996). In addition, muscle
activity data show that climbing results in a significant reduction in the electromyography median
frequency of the digital and elbow flexors, which is known to correlate with the magnitude of
fatiguing isometric contractions (Koukoubis et al., 1995; Vigouroux et al., 2015; Quayne et al.,
2003; Deyhle et al., 2015). Further, during climbing, the hind limbs support about 60% of body
weight (Russell et al., 2012). In contrast, when humans walk, the supporting hind limb experiences
forces in excess of 100% body weight, and these forces double when humans run (Keller et al.,
1996).
Strength and Endurance: Rhomert’s Curves
Strength and endurance are functionally
related to one another. The relationship between
normalized strength, measured as % MVC, and
endurance time, the maximum duration that a
given % MVC can be maintained, is negatively
curvilinear (Figure 3.1) as depicted using a
Rhomert's curve (Rhomert, 1960). The y-axis is
endurance time, which decreases curvilinearly as a
function of % MVC on the x-axis. For example, at
low % MVC, one is only exerting a small amount of
force which can be maintained for long periods of
time. Conversely, when % MVC is high, the force
can typically be sustained for only a few seconds.
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Figure 3.1 Example of a Rhomert’s curve
for muscle endurance time versus strength,
reported as a percentage of maximal
voluntary contraction (%MVC).

The Rhomert’s curve relationship is typically modeled as either a power function (ln
endurance vs. ln % MVC) or an exponential function (endurance vs. log % MVC). Law and Avin
(2010) suggest that power models are more accurate, particularly at low intensities. Rhomert’s
curves characterize fatigue across muscle systems including grip strength (Law and Avin, 2010).
While researchers have studied grip strength fatigue in climbers extensively (e.g. Thompson et al.,
2007; Bystrom and Sjogaard, 1991; Longhurst et al., 1980; West et al. 1995; Saito et al., 2009),
they have not explicitly tested whether climbing grip strength fatigue can be characterized by a
Rhomert’s curve.
Effects of Body Size and Proportion on Strength and Fatigue in Climbing
The effects of body mass and limb proportions on strength and fatigue in climbing have
not been established. These relationships are important for understanding climbing performance
in living humans and other apes and for reconstructing the climbing capabilities of fossil
hominoids. In this chapter, I report on the effects of body size and proportions on grip strength and
finger flexor fatigue in climbers in the United States and compare these to those of Mbendjele
foragers in the Republic of Congo to assess fatigue during tree-climbing.
Due to fundamental laws of allometry, larger people are expected to have larger forearm
muscles and greater grip strength. Further, climbing requires supporting body weight with the
forelimbs, and thus the grip strength of experienced climbers should correlate with body mass.
However, the proportion of forearm strength to body mass is expected to decrease with body mass
due to the allometry of muscle and the determinants of muscle strength. The maximum tension a
muscle can develop is determined by its physiological cross-sectional area (PCSA), which reflects
the maximum number of fibers acting in parallel (Herman, 2007). If the mechanical advantage of
the finger flexors is independent of size (i.e., that the lengths of the moment and load arms of the
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joints change in equal proportion to changes in body size), grip strength is expected to increase
with PCSA. Isometry predicts PCSA, an area, to scale with mass 0.66. For example, if mass increases
by a factor of three, surface area would only increase by a factor of two. Therefore, I predicted that
grip strength would increase with body mass 0.66, and that the ratio of grip strength to bodyweight
would be lower for larger individuals than for smaller individuals.
Large body mass should also be associated with reduced endurance. Active muscle PCSA,
needed to support body weight, will increase directly with body mass, but, due to the expected
isometry of the forearm muscles, the ratio of total muscle PCSA to body mass is expected to
decline with larger body size. Thus, heavier individuals are expected to recruit a greater proportion
of their total forearm muscle in order to support their mass. I predicted that greater recruitment of
forelimb muscles by heavier individuals would result in heavier individuals fatiguing more quickly
than lighter individuals.
Finally, I predicted that shorter armed individuals might fatigue more quickly than longer
armed individuals. This was because force intensity (% MVC) and endurance time are negatively
correlated (Rhomert, 1960; Law and Avin, 2000) and because previous models have predicted that
an increase in arm length results in a decrease in external force on the forelimbs while climbing
vertically (Fleagle et al, 1981; Preuschoft & Witte, 1991, Figure 2.1). This model predicts that
relatively shorter arms will require larger force production, which can be sustained for shorter
periods of time during climbing. In this model, limb length is expected to influence changes in
grip strength and endurance, but not on the baseline strength and endurance measurements. If either
body mass or limb proportions are indeed correlated with climbing fatigue and reduction of
climbing performance, trends in body proportions during hominin evolution may have directly
impacted locomotor ecology.
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Methods
Rock Climbing Data Collection
Subjects: Twenty-eight healthy, adult rock climbers (9 women, 19 men) participated in the
study. Institutional human research approval (Hunter College: 2015-0438) was obtained prior to
the study, and each subject provided informed consent prior to participating. The data collection
procedures are briefly described here, and then further details are provided for each procedure
below. After receiving a participant’s informed consent, I collected their anthropometric data.
Next, I measured their pre-climb baseline MVC and endurance. Participants then climbed up and
back down the rock wall, followed by a mid-climb MVC measurement. Next, they climbed up and
back down the wall again. This was followed by post climb MVC and endurance measurements.
Next participants were instructed to rest for 15 minutes without climbing. After this 15-minute
recovery period, at the end of the trial, I measured post-recovery MVC and endurance.
Anthropometric Data: Body mass, height, leg length, arm length, and arm span
measurements were collected prior to climbing trials. Intermembral index (IMI) was calculated as
arm length / leg length. Ape index was calculated as arm span / height. Subjects were weighed
with their clothes, climbing harness, and shoes.
Grip Strength (MVC): Grip strength was measured using a handgrip dynamometer (Camry
model 101). First, participants were instructed in the use of the equipment, how it functions and
how to adjust the dynamometer grip size to their preference. MVC was measured on the dominant
hand. To measure maximum voluntary contraction (MVC), the participant was asked to stand at
rest and grip the dynamometer as hard as possible for 3 seconds. The maximum force was recorded,
and the subject then rested for 10 seconds. Then, the subject gripped the dynamometer as hard as
possible for 3 seconds, rested again for 10 seconds, and gripped the dynamometer as hard as
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possible for 3 sec for the last time. Thus, three measurements of grip strength were made; the
maximum value was recorded as MVC. MVC was measured in this way at four time points: preclimb, mid-climb, post-climb, and post-recovery.
Mass Specific Strength (MSMVC): Mass specific strength is defined as strength (MVC)
divided by the weight of the participant (mass * 9.81 ms -2). It is a unitless ratio of their strength to
their weight.
Endurance (E): Endurance was defined as the length of time a participant could maintain a
grip above 70% of their pre-climb maximum voluntary contraction strength. Endurance was
measured from the moment the subject reached 70% pre-climb MVC until their strength fell below
70% of the pre-climb MVC threshold for more than 2 seconds. Endurance was measured preclimb, post-climb, and post-recovery.
Change in grip Strength (ΔMVC): To assess changes in grip strength, ΔMVC, was defined
as MVCpost climb / MVCpre climb. Thus, an ΔMVC of 0.67 indicates a 33% decrease in strength from
pre-climb levels to post climb levels.
Change in Endurance (ΔE): Change in Endurance ΔE was defined similarly as: E post-climb /
Epre-climb. Where ΔE of .89 indicates an 11% decrease in the amount of time the climber can sustain
70% MVCpre-climb.
Climbing Trials: Trials took place at The Cliffs Long Island City climbing gym in New
York. Participants climbed a vertical (90°) 13.72 meter (45 feet) tall wall with no overhangs or
ledges. All participants followed a set 5.10 route (Yosemite Decimal System YDS, described in
Kidd and Hazelrigs, 2009) using a top rope belay system for safety in case of a fall. A 5.10 route
is considered intermediate and requires climbing experience, but no extensive climbing technical
skills. In order to have trials more comparable to tree climbing, where an individual must climb
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both up and down from the canopy, participants were asked to climb both up and down the wall.
Climbers followed the specified 5.10 route for the ascent but descended using holds of their choice
(not limited to the 5.10 route). They were not belayed down (letting go of the rock wall and being
slowly lowered back to the ground by the belayer feeding out rope). Each participant climbed the
route twice. Between the two climbs I collected mid-climb MVC measurements.

Tree-climbing Data Collection
Subjects: Fifteen healthy adult Mbendjele men participated in the study. Institutional
human research approval (Hunter College: 2015-0438) was obtained prior to the study, and each
subject provided informed consent prior to participating. Data collection consisted of observational
following of Mbendjele men on foraging day trips in the vicinity of Makao village, Republic of
Congo (2.5947 N, 17.1719 E). Participants chose where to forage which trees to climb, and the
duration of the trip. Data collection consisted of a) anthropometric data collection, b) climbing
behavior data collection, and c) grip strength MVC measurements.
Anthropometric data: As with rock climbers (see above), I collected the following
anthropometric data: body mass, height, leg length, arm length, arm span, IMI, and ape index.
Climbing behavior: For each tree climb I recorded date, time, location, tree species, tree
diameter, maximum height climbed, climbing speed, time spent in the canopy, purpose of climb
(e.g., honey collection), and whether tools were used.
Grip Strength (MVC) and mass specific grip strength (MSMVC): MVC and MSMVC was
measured using the methodology described for rock climbers (see above). MVC was measured at
the start of the trip, end of the trip, and immediately preceding and following each tree climb.
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Statistical Analyses
Analyses were made in R (R Core Team, 2013). Significance was set at 5% (α = 0.05) throughout.
Scaling of endurance to strength (Rhomert’s curve): I assessed endurance versus grip
strength as follows: First, each participant’s MVC pre climb was plotted with an endurance time of 1
second. Next, each participant’s 70% MCVpre climb (the force they were asked to maintain for
endurance trials) was plotted with the matching endurance time (E

pre-climb).

For comparison, I

plotted these data with those of Thompson et al. (2007) for a non-climbing healthy adult
population. I modelled my climbing data as log endurance as a function of log strength, controlling
for sex and report model parameters.
Scaling of strength: I first logged transformed strength and body mass, then applied general
linear models (glm() function, stats package) to test whether body mass, gender, and population
(tree climbers or rock climbers) were significant predictors of strength or mass specific strength
(MVCmass). I reported the p-values, ANOVA, and AIC scores for these models. I calculated the
95% CI of the coefficient for mass in the log transformed linear regression to test whether MVC
scales isometrically mass0.67 or not.
Assessing Differences in Strength and Endurance Measures in Response to Rock Climbing:
I used a one-way, between-subjects ANOVA to compare the effect of climbing on grip strength
(MVC) across conditions (pre-climb, mid-climb, post-climb, post recovery). I also used an
additional between-subjects ANOVA to compare the effect of climbing on endurance across
conditions (pre-climb, post-climb, post recovery). The two different ANOVAs were used rather
than a combined between subject MANOVA because MVC includes a mid-climb condition, but
endurance does not. Based on the results of the two between-subjects ANOVA, I then used Holm’s
sequential, Bonferroni-corrected, multiple-measures, pairwise t-tests to assess which specific
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conditions were significantly different from one another.
Assessing Differences in Strength Measures in Response to Tree Climbing I used paired ttests to assess whether grip strength MVC is significantly different at the start of the day than at
the end of the day and whether grip strength MCV is significantly different pre and post climb.
Assessing the Effect of Body Mass and Limb Proportions on Endurance and Strength: I
modelled change in strength (ΔMVC) as a function of body mass, ape index, and IMI using linear
models (lm() function in stats R package) used for the rock climbers. I reported the original pvalue, the Bonferroni-adjusted p-values, and the AIC scores for these models. Just as for ΔMVC,
I modelled change in endurance (ΔE) as a function of body mass, ape index, and IMI using linear
models (lm() function in stats R package). I reported the original p-value, the Bonferroni-adjusted
p-values, and the AIC scores for these models.

Results
The Scaling of Strength and Endurance
Comparing the results from the 28 rock climbers in this study (Table 3.1) with results from
38 healthy adult non-climbers (Thompson et al., 2007) confirmed that a power function (a
Rhomert’s curve with logged endurance versus logged force) is an appropriate model of the
relationship between endurance and strength (Figure 3.2a). Contraction strength, study (rock
climbers vs. Thompson et al., 2007 participants), and sex all had a significant effects on endurance
values (Table 3.1). As grip strength (MVC) increased, endurance time decreased. Women
generally had shorter endurance times than men for a given MVC (Figure 3.2b). Non-climbers
(Thompson et al., 2007) had less endurance for a given strength than rock climbers in this study
(Figure 3.2b).

The relationship between strength and endurance indicates that high force
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production can only be sustained for a short time, while lower force production can be sustained
for much longer times.

p-value

Adjusted R2

lm (ln(E)~ ln(force)) + study+ sex) F (3,165) = 202.4

< 0.001

0.78

Coefficients

Value

Standard Error

t-value

p-value

Intercept

15.62

0.62

25.12

< 0.001

Force

-2.44

0.11

-22.21

< 2e-16

Study Thompson et al.

-0.89

0.18

-5.06

< 0.001

Sex M

1.20

0.14

8.23

< 0.001

Model

F-statistic

Table 3.1 Details of selected model for endurance time (E) as a function of force.

b

a

Figure 3.2 Endurance time as a function of force. (a) Endurance in seconds as a function of grip
strength, un-transformed data from rock climbers in this study and healthy-adults in Thompson et
al. 2007. (b) Log-transformed endurance as a function of log-transformed force. Lines indicate a
linear model (described in Table 3.1) with 95% confidence interval shaded in grey.
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Grip Strength is Negatively Allometric in Humans
In this study, grip strength scaled as mass0.38 95% CI: 0.17-0.61 (Figure 3.3a, Table 3.2). This
relationship is negatively allometric, compared with the isometric prediction of mass 0.66, if strength
scaled to muscle PCSA and mass scaled to volume. Based on the selected model, women were
approximately 25% less strong than men of the same mass. When controlling for mass and sex,
Mbendjele men were not significantly stronger than rock climbers (Table 3.2).
Given that strength scaled to mass with an exponent less than 1.0, mass-specific strength
(grip strength / weight) must decrease as a function of body mass (Figure 3.3b). I observed that,
for each additional kilogram of body mass, an individual produced 0.67% less force per body
weight. Mass-specific strength also varied with sex. In the selected model, men produced forces
that are approximately 24% higher for their body weight than those produced by women. As
observed with strength, there was no difference in mass-specific strength between Mbendjele tree
climbers and rock climbers.

a

b

Figure 3.3 (a) Log-log plot of strength as a function of body mass ( R^2=0.62, p<0.001, Table
3.2) (b) weight-specific strength as a function of mass (R^2=0.55, p<0.001, glm, females: y= 0.007x±0.001+ 0.95±0.07; males, y= -0.007x±0.001+ 1.19±0.11)
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Tested models
Model

F statistic

p-value

Adj. R2

AIC

glm(ln(MVC)~ln(mass))

F (41,1) =20.28

p<0.001

0.31

-14.94

glm (ln(MVC)~ln(mass) + sex)

F (40,2) =35.26

p<0.001

0.62

-39.37

glm (ln(MVC)~ln(mass) + pop)

F (40,2) =22.39

p<0.001

0.50

-27.96

glm (ln(MVC)~ln(mass) + sex + pop) F (39,3) =22.94

p<0.001

0.61

-37.39

Selected model: lm (ln(MVC)~ln(mass) + sex)
Coefficients

Value

Std. Error

t-value

p-value

Intercept

4.19

0.42

9.85

p < 0.001

ln(mass)

0.39

0.11

3.64

p < 0.001

Sex M

0.34

0.06

5.83

p < 0.001

Table 3.2 Details of tested models for grip strength MVC as a function of mass.
Fatigue in Rock Climbers:
In the sample of 28 rock climbers, both mean grip-strength and mean endurance decreased
post climbing but recovered to pre-climb levels within the 15-minute recovery period (Figure 3.4;
Table 3.6). When controlling by individual, grip strength varied significantly as a function of the
condition: pre-climb, mid-climb, post-climb, and post-recovery (repeated measures ANOVA: F
(2,81) = 37.12, p < 0.001). Mean strength reduction was 70 ±19 N from pre-climb levels to postclimb levels but recovered by 66 ±18 N from post-climb to post-recovery levels (Table 3.6).
Endurance also varied significantly as a function of the condition when controlling by individual
(repeated measures ANOVA: F (2,54) = 43.38, p < 0.001, pairwise t-tests Table 3.8). For
endurance, the mean duration for maintaining 70% MVC decreased 13 ±2 seconds from pre-climb
levels to post-climb levels but recovered by 13 ± 1 seconds from post-climb to post-recovery levels
(Table 3.6).
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a

b

Figure 3.4 Grip strength and endurance as a function of condition. (a) Grip strength in Newtons
as a function of condition and (b) endurance at 70% MCV as a function of condition. In both panels
dashed lines significant differences in means after Holm’s Bonferroni sequential correction
(Tables 3.7 and 3.8).
mean

s.d.

s.e.m.

range

Height (cm)

173

9.9

1.9

150-193

Body mass (kg)

70.0

14.0

2.7

43.6-96.0

Arm length (cm)

61

4.1

0.9

52-68

Leg length (cm)

89

6.1

1.2

79-103

Arm span (cm)

178

11.9

2.3

152-197

IMI (unitless)

0.68

0.04

0.01

0.62-0.78

Ape index (unitless)

1.03

0.04

0.01

0.95-1.09

Pre-climb MVC (N)

438

21.6

114

248-618

Mid-climb MVC (N)

385

18.0

95.4

226-568

Post-climb MVC (N)

367

16.4

86.8

217-549

Post-recovery MVC (N)

433

19.6

103

267-618

Pre-climb endurance (s)

25

2.0

10.0

8-48

Post-climb endurance (s)

12

1.5

7.7

0-32

26

1.5

8.1

7-47

Post-recovery
(s)

endurance

Table 3.3 Summary data for strength and endurance rock climbing trials
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Change in Strength and Endurance in Rock Climbers:
Of body mass, sex, IMI, and ape index, only body mass was a significant predictor of
change in strength (Table 3.9). Based on this model, for every additional 10 kg a climber weighed,
an additional 0.46% of their strength was lost, from pre-climb to post climb conditions (Figure 3.6,
Table 3.10). As predicted, changes in strength were correlated with body mass. However, IMI and
ape index were not correlated to change in strength, contrary to the initial predictions. Similarly,
mass, sex, and ape index had no effect on endurance in rock climbers (general linear models: mass,
p=0.88; sex: p=0.82; IMI, p=0.06; ape index, p=0.45).

Figure 3.5 Change in strength as a function of body mass. Red line indicates a linear model (Table
3.x) with 95% C.I. in grey. Dashed line represents no change in strength.
Tested models
Model

F statistic

p-value

Adjusted R2

AIC

lm (ΔMVC~ mass)

F (1,26) = 8.79

p= 0.006

0.22

-39

lm (ΔMVC~ sex)

F (1,26) = 4.615

p =0.04

0.12

-36

lm (ΔMVC~ IMI)

F (1,26) = 0.0926

p= 0.76

-0.03

-31

lm (ΔMVC~ ape)

F (1,26) = 0.3011

p= 0.59

-0.02

-31

Selected model: lm (ΔMVC~ mass)
Coefficients

Value

Std. Error

t-value

p-value

intercept

1.174

0.110

10.69

p < 0.001

slope

-0.005

0.001

-2.96

p = 0.006

Table 3.4 Models tested for predictor variables of change in strength. Bolded model indicates
selected model based on p-value, adjusted R2, and AIC score)
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Grip Strength in Mbendjele Climbers
Notably, in Mbendjele foragers, grip strength was not significantly different before and
after climbing a tree nor was it significantly different at the start of the day compared to the end of
the day (Figure 3.7; Table 3.12, paired t-tests). Mean change in grip strength was 2 ±29 N preversus post-climb and -1 ±64 N between the start and end of the day. Tree climbers, unlike rock
climbers, did not experience grip finger flexor muscle fatigue as a function of climbing.

a

b

Figure 3.6 Grip strength (a) pre versus post-climb (paired t-test: t (96) = -0.6257, p = 0.53) and
(b) at the start and end of foraging trip (paired t-test: t (16) = 0.0896, p = 0.91) in Mbendjele
foragers.
mean

s.d.

s.e.m.

range

Height (cm)

154

7.4

1.9

142-165

Body mass (kg)

52.2

6.0

1.6

41.8-60.9

Arm length (cm)

55

4.6

1.2

46-60

Leg length (cm)

77

5.2

1.3

69-86

Arm span (cm)

157

9.7

2.5

140-170

IMI (unitless)

0.71

0.04

0.01

0.64-0.76

Ape index (unitless)

1.02

0.04

0.01

0.93-1.08

Start of Trip MVC (N)

394

67

17

315-581

End of Trip MVC (N)

392

68

17

262-543

Pre-climb MVC (N)

402

69

7

268-595

Post-climb MVC (N)

403

72

7

265-664

Table 3.5 Summary data for tree-climbing trials.
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Discussion
Determinants of Strength and Muscular Fatigue.
Body mass: As expected, body mass was the primary determinant of grip strength in
climbers in this study. I found that maximum voluntary contraction force increased as a function
of body mass (Figure 3.3), whereas mass-specific strength decreased as a function of body mass
(Figure 3.4). In addition, changes in grip strength, a measure of fatigue, increased as a proportion
of body mass (Figure 3.6).
These results support a set of three fundamental principles. First, the force a muscle can
produce is proportional to the number of muscle fibers it can activate in parallel. These muscle
fibers are not directly counted, but are known to correlate with physiological cross-sectional area,
which is then used as a proxy (Herman, 2007). Second, the force an individual must generate when
climbing is proportional to their body mass (because they must oppose the gravitational potential
energy gained by raising their body mass). This is supported by the finding that mass-specific
climbing costs are not correlated with body mass (Hanna et al. 2008; Chapter 1 of this thesis).
Based on the first two principles, muscle force production scales linearly with PCSA (an area),
and the muscle force required scales with body mass (a volumetric property). The third principle
is that in isometry, areas scale to mass0.66.
While the fundamental principles described above are sufficient to clarify my results, much
of the underlying physiology and mechanics of strength and fatigue in climbing are still unclear.
We do not know how closely PCSA of the forearm flexors scales with body mass inter- and intraspecifically. Many biological tissues scale with either negative or positive allometry rather than
isometry. Across a broad range of mammal sizes (mice to cows), the rotator cuff muscles scale
approximately isometrically to mass0.66

±0.07

(Matthewson et al., 2014). However, within non-
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human primates, the forearm flexor PCSA scales with positive allometry. Leischner et al. found
that forearm flexors scale as mass0.84, with the 95% CI for exponent ranging from 0.76 to 0.93
(Leischner et al., 2018). In a small sample of great apes, Myatt and colleagues (2012) reported an
isometric scaling of PCSA to body mass for the digital flexors.
In my study, strength scaled to body mass with distinct negative allometry (mass 0.38 95% CI:
0.17-0.61

, Figure 3.3). This result contrasts with those of Myatt et al 2012 as well as those of

Leischner and colleagues who found that among non-human primates, flexor PCSA (and
presumably grip strength) scale with positive allometry, although mass still increases faster than
PCSA. The negative allometry found in this study suggests the following non-exclusive
hypotheses: PCSA of the finger flexors in humans scales with negative allometry, or grip strength
scales with negative allometry to PSCA (i.e. strength scales to PCSA <1). One future direction for
research suggested by the present study is to investigate whether finger flexor PCSA scales with
body mass differently in humans versus other apes.
Arm length: I originally predicted that changes in grip strength and endurance when
climbing would be inversely correlated with arm length and/or proportional arm length (IMI and
ape index). That is, individuals with longer arms would fatigue more than those with shorter arms.
This prediction was not supported in this study (Tables 3.4). The lack of correspondence between
arm length and fatigue suggests that the Preuschoft and Fleagle models (Preuschoft, 1991; Fleagle
et al., 1981), in which arm length results in a decrease in external force on the forelimbs while
climbing vertically, do not adequately capture the mechanics of human climbing, or at least of
human rock climbing. On the other hand, there is some evidence that arm length correlates to
climbing costs from Halsey and colleagues (2017). Parkour athletes’ relative limb proportions are
correlated with their ability to save energy when traveling in an arboreal-like parkour course. These
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two divergent lines of evidence highlight the lack of an adequate model for how limb length
influences climbing performance, and the need for further research in this area.

Lack of Evidence for Muscular Fatigue in Tree Climbers
A striking outcome of this study is that tree climbers did not experience fatigue of the finger
flexors (Figure 3.6), while rock climbers did (Figure 3.4). There are at least three potential
explanations for these results. First, it is possible that the low body mass of Mbendjele climbers
limits the fatigue they experience. Mbendjele climbers weighed significantly less (mean: 52.2 kg,
sd: 6.0) than rock climbers (mean:70.0 kg, sd: 14.0). For rock climbers, the change in strength
post-climb was correlated with body mass: larger individuals lost more strength (Figure 3.5).
Extrapolating these results to the Mbendjele climbers suggests the Mbendjele would not have
experienced any measurable fatigue on the 27 m rock climbing route (predicted change in grip
strength: -0.02±0.11). The small body size of Mbendjele climbers may be sufficient to explain why
grip strength in Mbendjele men is not significantly different after climbing than before climbing.
If so, it is intriguing to posit that climbing fatigue could be one factor, among many, maintaining
selection for smaller body size in some human forager populations.
A second possibility is that the rock-climbing protocol in this study is more difficult than
tree climbing and particularly demanding for the finger flexors. A YDS 5.10 route is considered
intermediate in difficulty for rock climbing. Rock climbing requires specialized grips on small
protruding handholds. Using smaller holds and spacing them further apart are two primary
mechanisms for making indoor rock climbing more challenging (Kidd and Hazelrigs, 2009). Small
holds are typically held using hand grips that rely heavily on finger strength. For example, in a
“crimp grip” the proximal interphalangeal joints are flexed about 90° to 100° and the distal
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interphalangeal joints are hyperextended (Bollen, 1988; Schweizer et al., 2001). Crimp grips can
be used on small edges, which are only large enough for the pads of the fingers. In contrast, tree
climbers may have a wider variety of supports available to them. They may not rely as heavily on
the finger flexors. Tree climbers often use cylindrical supports such as branches, lianas, and small
diameter trunks. These types of supports may allow for a relatively easy grip where one "hooks"
the support with the entire hand. In comparison to rock climbing, tree branches are more analogous
to “jug holds.” Jugs are typically large, open holds that one can get their entire hand around. Jug
holds are among the easiest holds to grip. They are common on easier climbing routes and can be
used for breaks/rests (Kidd and Hazelrigs, 2009). There is also consensus in the climbing
community that difficult climbs lead to higher muscle fatigue and require longer time to recover
(Quaine et al., 2003). Consistent with this finding, in a study where climbers were asked to climb
until exhaustion a 5.12 route (substantially more difficult than the 5.10 route in this study),
participants had still not fully recovered their grip strength after 20 minutes of recovery time (Watts
et al., 1996). In contrast, the climbers in my study fully recovered their grip strength within 15
minutes and possibly sooner (Figure 3.4). More studies are required to fully assess whether and
how difficulty, hold shapes, and spacing affect fatigue. Thus, the tree climbing undertaken by
Mbendjele foragers may simply have been less demanding than the task performed by subjects in
the rock-climbing sample. This difference in difficulty might clarify why rock climbers in this
study experienced grip strength fatigue, while tree climbers did not.
A third possible reason for the absence of fatigue in tree climbers may be the use of rest
and recovery breaks. In this study, rock climbers were only given the opportunity to rest and
recover from muscular fatigue at the end of the trial. Subjects did not have the opportunity to rest
as they were lowered back to the ground as is typical for top-rope belay. Instead, they were
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instructed to begin climbing down immediately after reaching the top of the wall. Once down from
their first lap, mid-climb MCV was measured and subjects were asked to immediately start their
second lap. Mean time on the ground between first and second lap was 44±17 seconds. Rock
climbers’ first opportunity to rest was during the 15-minute recovery period, by the end of which
they regained pre climb strength and endurance (Figure 3.5). In contrast, Mbendjele men selfselected their climbing performances: the decisions of when to climb, how high to climb, and
whether and how long to recover. Specifically, subjects climbed into trees to forage and often
stopped to collect resources. Based on focal interval locomotor behavior sampling (Chapter 4) tree
climbers moved across the canopy only 12% of the time. The remainder of the time in trees they
were not traveling; instead, they were most often standing or sitting (Figure 3.6a,b). These
behaviors are unlikely to place a high demand on forelimb muscular work and are effectively
periods of recovery.
Human tree climbing in a foraging context yields insight into the arboreal ecology of
modern humans and allows us to assess models of hominin ecology. The lack of difference
between pre and post climb MVC suggests that Mbendjele men may plan and adjust their climbing
behavior so that they do not approach their fatigue limit. Given the relationship between fatigue
and falls, these strategies may be safety driven. Alternatively, for Mbendjele men, acquiring
arboreal resources may simply not require them to approach their fatigue limit. Distinguishing
whether Mbendjele men or other human foragers purposefully modify their climbing behavior to
avoid fatigue, or simply do not need to approach the limits of fatigue to meet their foraging goals,
is a crucial area of future study. In contrast, sport rock climbers do approach these limits. If rock
climbing is indeed more demanding than tree climbing, it is a useful framework to assess climbing
abilities allowing us to test what modern humans can do, in contrast to what they choose to do.

62

References
Abbiss, C. R., & Laursen, P. B. (2005). Models to explain fatigue during prolonged endurance
cycling. Sports Medicine (Auckland, N.Z.), 35(10), 865–898.
Albuquerque, R. L., Sanchez, G., & Garland, T. (2015). Relationship between Maximal Oxygen
Consumption (VO2max) and Home Range Area in Mammals. Physiological and
Biochemical Zoology: PBZ, 88(6), 660–667.
Ament, W., & Verkerke, G. J. (2009). Exercise and fatigue. Sports Medicine (Auckland, N.Z.),
39(5), 389–422.
Bigland-Ritchie, B., & Woods, J. J. (1984). Changes in muscle contractile properties and neural
control during human muscular fatigue. Muscle & Nerve, 7(9), 691–699.
Bollen, S. R. (1988). Soft tissue injury in extreme rock climbers. British Journal of Sports
Medicine, 22(4), 145–147.
Brooks, G., Fahey, T., White, T. (2000). Fatigue during muscular exercise. In: Sordi M,
Kirschenbaum CW, Ohlenroth P, editors. Exercise physiology: human bioenergetics and
its applications. 3rd ed. Sydney: McGraw Hill. pp 800-22.
Cairns, S. P., Knicker, A. J., Thompson, M. W., & Sjøgaard, G. (2005). Evaluation of models
used to study neuromuscular fatigue. Exercise and Sport Sciences Reviews, 33(1), 9–16.
Carter, M. L., Pontzer, H., Wrangham, R. W., & Peterhans, J. K. (2008). Skeletal pathology in
Pan troglodytes schweinfurthii in Kibale National Park, Uganda. American Journal of
Physical Anthropology, 135(4), 389–403.
Crockett, A., Stawicki, S. P., Thomas, Y. M., Jarvis, A. M., Wang, C. F., Beery, P. R., … Cook,
C. H. (2010). Tree stands, not guns, are the midwestern hunter’s most dangerous weapon.
The American Surgeon, 76(9), 1006–1010.

63

Cutis, A., & Bollen, S. R. (1993). Grip Strength and Endurance in Rock Climbers. Proceedings
of the Institution of Mechanical Engineers, Part H: Journal of Engineering in Medicine,
207(2), 87–92.
Dawson, C. A., & Horvath, S. M. (1970). Swimming in small laboratory animals. Medicine and
Science in Sports, 2(2), 51–78.
DeSilva, J. M. (2009). Functional morphology of the ankle and the likelihood of climbing in
early hominins. Proceedings of the National Academy of Sciences of the United States of
America, 106(16), 6567–6572.
Deyhle, M. R., Hsu, H.-S., Fairfield, T. J., Cadez-Schmidt, T. L., Gurney, B. A., & Mermier, C.
M. (2015). Relative Importance of Four Muscle Groups for Indoor Rock Climbing
Performance. Journal of Strength and Conditioning Research, 29(7), 2006–2014.
Dlugosz, E. M., Chappell, M. A., McGillivray, D. G., Syme, D. A., & Garland, T. (2009).
Locomotor trade-offs in mice selectively bred for high voluntary wheel running. The
Journal of Experimental Biology, 212(Pt 16), 2612–2618.
dos Reis, I. G. M., Martins, L. E. B., de Araujo, G. G., & Gobatto, C. A. (2011). Forced Swim
Reliability for Exercise Testing in Rats by a Tethered Swimming Apparatus. Frontiers in
Physiology, 9.
Endicott, K. (1979). The hunting methods of the batek negritos of malaysia. Canberra
Anthropology, 2(2), 7–22.
Endicott, K.M., Endicott, K.L. (2008). The Headman was a Woman: The Gender Egalitarian
Batek of Malaysia. Waveland Press, Long Grove.
Fernández, P. J., Mongle, C. S., Leakey, L., Proctor, D. J., Orr, C. M., Patel, B. A., … Jungers,
W. L. (2018). Evolution and function of the hominin forefoot. Proceedings of the

64

National Academy of Sciences of the United States of America, 115(35), 8746–8751.
Fleagle, J.G., Stern, J.T., Jungers, W.L., Susman, R.L., Vangor, A.K., Wells, J.P. (1981).
Climbing: a biomechanical link with brachiation and with bipedalism. In MH Day (ed.):
Vertebrate Locomotion. Symp. Zool. Soc. Lond. 48:359-375.
Garland, T. (1999). Laboratory endurance capacity predicts variation in field locomotor
behaviour among lizard species. Animal Behaviour, 58(1), 77–83.
Goodall, J. (1986). The Chimpanzees of Gombe: Patterns of Behavior. Belknap Press of Harvard
University Press, Cambridge.
Halanski, M. A., & Corden, T. E. (2008). Wisconsin firearm deer hunting season: injuries at a
level I trauma center, 1999-2004. WMJ: Official Publication of the State Medical Society
of Wisconsin, 107(1), 20–24.
Haldane, J.B.S. (1926). On Being the Right Size. Harper's Magazine.
Halsey, L. G., Coward, S. R. L., Crompton, R. H., & Thorpe, S. K. S. (2017). Practice makes
perfect: Performance optimisation in “arboreal” parkour athletes illuminates the
evolutionary ecology of great ape anatomy. Journal of Human Evolution, 103, 45–52.
Hampson, D. B., St Clair Gibson, A., Lambert, M. I., & Noakes, T. D. (2001). The influence of
sensory cues on the perception of exertion during exercise and central regulation of
exercise performance. Sports Medicine (Auckland, N.Z.), 31(13), 935–952.
Hanna, J. B., & Schmitt, D. (2011). Locomotor energetics in primates: gait mechanics and their
relationship to the energetics of vertical and horizontal locomotion. American Journal of
Physical Anthropology, 145(1), 43–54.
Hanna, J. B., Schmitt, D., & Griffin, T. M. (2008). The energetic cost of climbing in primates.
Science (New York, N.Y.), 320(5878), 898.

65

Headland, T.N., Headland, J.D., Uehara, R.T. (2011). Agta demographic database: chronicle of a
hunter-gatherer community in transition. Version 2.0. SIL International, Dallas.
Herman, I. P. (2007). Chapter Five: Muscles In: Physics of the human body. Berlin ; New York:
Springer.
Hewlett, B.S., van de Koppel, J.M.H., van de Koppel, M. (1986). Causes of death among Aka
pygmies of the Central African Republic. In: Cavalli-Sforza, L.L. (Ed.) African Pygmies.
Academic Press, Orlando, pp. 45-63.
Holtzhausen, L. M., & Noakes, T. D. (1996). Elbow, forearm, wrist, and hand injuries among
sport rock climbers. Clinical Journal of Sport Medicine: Official Journal of the Canadian
Academy of Sport Medicine, 6(3), 196–203.
Isler, K. (2005). 3D-kinematics of vertical climbing in hominoids. American Journal of Physical
Anthropology, 126(1), 66–81.
Jurmain, R. (1997). Skeletal evidence of trauma in African apes, with special reference to the
gombe chimpanzees. Primates, 38(1), 1–14.
Keller, T. S., Weisberger, A. M., Ray, J. L., Hasan, S. S., Shiavi, R. G., & Spengler, D. M.
(1996). Relationship between vertical ground reaction force and speed during walking,
slow jogging, and running. Clinical Biomechanics (Bristol, Avon), 11(5), 253–259.
Kidd, T. W., Hazelrigs, J., & Wilderness Education Association (U.S.) (Eds.). (2009). Rock
climbing. Champaign, IL: Human Kinetics.
Koukoubis, T. D., Cooper, L. W., Glisson, R. R., Seaber, A. V., & Feagin, J. A. (1995). An
electromyographic study of arm muscles during climbing. Knee Surgery, Sports
Traumatology, Arthroscopy: Official Journal of the ESSKA, 3(2), 121–124.
Kraft, T. S., Venkataraman, V. V., & Dominy, N. J. (2014). A natural history of human tree

66

climbing. Journal of Human Evolution, 71, 105–118.
Law, L. A. F., & Avin, K. G. (2010). Endurance time is joint-specific: A modelling and metaanalysis investigation. Ergonomics, 53(1), 109–129.
Leischner, C. L., Crouch, M., Allen, K. L., Marchi, D., Pastor, F., & Hartstone-Rose, A. (2018).
Scaling of Primate Forearm Muscle Architecture as It Relates to Locomotion and
Posture. Anatomical Record (Hoboken, N.J.: 2007), 301(3), 484–495.
Levine, B. D. (2008). V̇O2,max: what do we know, and what do we still need to know? The
Journal of Physiology, 586(Pt 1), 25–34.
Longhurst, J. C., Kelly, A. R., Gonyea, W. J., & Mitchell, J. H. (1980). Cardiovascular responses
to static exercise in distance runners and weight lifters. Journal of Applied Physiology:
Respiratory, Environmental and Exercise Physiology, 49(4), 676–683.
Lovejoy, C. O., Simpson, S. W., White, T. D., Asfaw, B., & Suwa, G. (2009). Careful climbing
in the Miocene: the forelimbs of Ardipithecus ramidus and humans are primitive. Science
(New York, N.Y.), 326(5949).
Lovell, N.C. 1990. Patterns of illness and injury in great apes: a skeletal analysis. Washington,
DC: Smithsonian Institution Press.
Mathewson, M. A., Kwan, A., Eng, C. M., Lieber, R. L., & Ward, S. R. (2014). Comparison of
rotator cuff muscle architecture between humans and other selected vertebrate species.
The Journal of Experimental Biology, 217(2), 261–273.
McNutt, E. J., Zipfel, B., & DeSilva, J. M. (2018). The evolution of the human foot.
Evolutionary Anthropology, 27(5), 197–217.
Myatt, J. P., Crompton, R. H., Payne-Davis, R. C., Vereecke, E. E., Isler, K., Savage, R., …
Thorpe, S. K. S. (2012). Functional adaptations in the forelimb muscles of non-human

67

great apes. Journal of Anatomy, 220(1), 13–28.
Noakes, T. D. (2000). Physiological models to understand exercise fatigue and the adaptations
that predict or enhance athletic performance. Scandinavian Journal of Medicine &
Science in Sports, 10(3), 123–145.
Noakes, T. D., & St Clair Gibson, A. (2004). Logical limitations to the “catastrophe” models of
fatigue during exercise in humans. British Journal of Sports Medicine, 38(5), 648–649.
Preuschoft, H., Witte, H. (1991). Biomechanical reasons for the evolution of hominid body
shape. In: Coppens, Y., Senut, B. (Eds.). Origine(s) de la Bipedie chez les Hominides.
Paris: Centre National de la Recherche Scientifique. pp. 59-77.
Quaine, F., Vigouroux, L., & Martin, L. (2003). Finger flexors fatigue in trained rock climbers
and untrained sedentary subjects. International Journal of Sports Medicine, 24(6), 424–
427.
Risser, D., Bönsch, A., Schneider, B., & Bauer, G. (1996). Risk of dying after a free fall from
height. Forensic Science International, 78(3), 187–191
Rohmert, W. (1960). [The arm strength in man in standing in various postures]. Internationale
Zeitschrift Fur Angewandte Physiologie, Einschliesslich Arbeitsphysiologie, 18, 175–
190.
Russell, S. D., Zirker, C. A., & Blemker, S. S. (2012). Computer models offer new insights into
the mechanics of rock climbing. Sports Technology, 5(3–4), 120–131.
Saito, M., Iwase, S., & Hachiya, T. (2009). Resistance exercise training enhances sympathetic
nerve activity during fatigue-inducing isometric handgrip trials. European Journal of
Applied Physiology, 105(2), 225–234.
Schweizer, A. (2001). Biomechanical properties of the crimp grip position in rock climbers.

68

Journal of Biomechanics, 34(2), 217–223.
St Clair Gibson, A., & Noakes, T. D. (2004). Evidence for complex system integration and
dynamic neural regulation of skeletal muscle recruitment during exercise in humans.
British Journal of Sports Medicine, 38(6), 797–806.
Thompson, B. C., Fadia, T., Pincivero, D. M., & Scheuermann, B. W. (2007). Forearm blood
flow responses to fatiguing isometric contractions in women and men. American Journal
of Physiology. Heart and Circulatory Physiology, 293(1), H805-812.
Thorpe, S. K. S., & Crompton, R. H. (2006). Orangutan positional behavior and the nature of
arboreal locomotion in Hominoidea. American Journal of Physical Anthropology, 131(3),
384–401.
Venkataraman, V. V., Kraft, T. S., & Dominy, N. J. (2013). Tree climbing and human evolution.
Proceedings of the National Academy of Sciences of the United States of America,
110(4), 1237–1242.
Vigouroux, L., Goislard de Monsabert, B., & Berton, E. (2015). Estimation of hand and wrist
muscle capacities in rock climbers. European Journal of Applied Physiology, 115(5),
947–957.
Watts, P., Newbury, V., & Sulentic, J. (1996). Acute changes in handgrip strength, endurance,
and blood lactate with sustained sport rock climbing. The Journal of Sports Medicine and
Physical Fitness, 36(4), 255–260.
West, W., Hicks, A., Clements, L., & Dowling, J. (1995). The relationship between voluntary
electromyogram, endurance time and intensity of effort in isometric handgrip exercise.
European Journal of Applied Physiology and Occupational Physiology, 71(4), 301–305.

69

CHAPTER 4: CANOPY USE AND ACCESS IN SYMPATRIC APES
Introduction
Hominoids share a set of morphological traits adapted to orthograde and suspensory
positional behaviors in an arboreal environment. These shared features include high intermembral
indices, orthograde posture, mobile hip and glenohumeral joints, a reduced lumbar column, tail
absence, a spool-shaped trochlea at the elbow joint, a short olecranon process, lack of ulnar carpal
contact at wrist, and elongated hands & feet (Jungers, 1985; Rose, 1988; Aiello and Dean, 1990;
Tocheri et al., 2008; Williams and Russo, 2015). These morphologies feature prominently in the
debate over hominoid locomotor synapomorphies and their evolution. For example, long forelimbs
in apes are often interpreted as adaptations for arboreal locomotion (Fleagle, 1985) and, based on
locomotor data, Hunt (1991) suggested that forelimb suspension is a distinguishing character of
extant apes. In contrast, Thorpe and Crompton (2006), examining both extant and extinct apes,
have argued that it is general orthogrady, rather than suspension specifically, that characterizes the
clade. Apes’ style of vertical climbing has also been argued to be a locomotor synapomorphy (Isler
and Thorpe, 2003; Isler, 2005). Humans are the exception for some of these traits, which is widely
interpreted as a result of adaptations to bipedal locomotion (Aiello and Dean, 1990).
Despite their shared traits, extant hominoids display extensive locomotor diversity. The
extant great apes present wide variation in their degree and style of arboreality. Traditional
classification schemes view humans as exclusively terrestrial, gorillas as highly terrestrial with
occasional arboreal behaviors, chimpanzees and bonobos as partly terrestrial but more arboreal
than gorillas, and orangutans as exclusively arboreal (Fleagle, 2013). However, a growing data set
suggests that this characterization is overly simplistic. Certain human populations regularly forage
in trees, and arboreal resources are a mainstay of their dietary repertoire (Venkataraman et al.,
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2013; Kraft et al., 2014). Mountain gorillas at a high altitude (e.g. Virunga) are less arboreal, and
eat less fruit, than those found at a lower altitude (e.g. Bwindi) (Rothman et al., 2006, DoranSheehy et al., 2009; Robbins and Robbins, 2018). Both populations of mountain gorillas appear to
be much less arboreal than western lowland gorillas (Remis, 1999, Tuttle and Watts, 1985, Doran
1996). Chimpanzees’ and bonobos’ portion of time spent in trees varies widely by season and site
(Wrangham 1977; Kano, 1992; Takemotto, 2004). Finally, orangutans have been observed moving
terrestrially (Loken et al., 2013; Ancrenaz et al., 2014; Ashbury et al., 2015).
A crucial step in evaluating hominoid (including fossil hominin) arboreal ecology is
assessing whether and how hominins could have accessed various parts of the canopy such as
peripheral branches, where energy-rich arboreal resources like fruits are abundant (Houle et al.
2014) and which pose the risk of dangerous falls (Lovell, 1990; Jurmain 1997; Carter et al., 2008).
Using an ecomorphological approach (Garland and Losos, 1994), we can examine the interplay
between behavior (here positional behavior), habitat or environment, and morphology in extant
taxa with the aim of testing hypotheses about behavior in fossil taxa based on known aspects of
habitat and anatomy, determined using the fossil record. In this chapter, I use this framework to
compare locomotor behavior of humans, gorillas, and chimpanzees living in sympatry in the
Congo Basin.

Ecology and Arboreal Locomotion of Chimpanzees and Gorillas
While the arboreal ecology of chimpanzees and gorillas is well studied, there is
comparatively little work on human arboreal locomotion. In trees, climbing (defined here as the
ascent of substrates angled at or above forty-five degrees (following Hunt et al., 1996)) is the most
common locomotor mode for both gorillas and chimpanzees (Hunt, 2016).
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Both inter and intra-specific studies have looked at the effect of body size on canopy access
in gorillas and chimpanzees. There is evidence for the effects of both size and social factors on
arboreal behavior in western lowland gorillas. Remis (1995) found that females use more and
smaller supports and engage in more suspensory behavior than males. Female arboreal behavior
also appears to be influenced by males. When females share a tree with males, they are more likely
to be found on the periphery than when males are absent. However, Remis (1999) found that male
western lowland gorillas appear to be more constrained to the core of trees and are significantly
more arboreal during the fruiting season, whereas females have similar frequencies of arboreal
behavior during the fruiting and non-fruiting seasons. This suggests that larger males are more
restricted to the core of trees. In chimpanzees, Doran (1993a) compared the arboreal behavior of
males and females. This study found that smaller females are more arboreal than males and climb
higher into the canopy. While these studies all suggest that size affects arboreal behavior within
species, because these studies all used sex rather than size, it is difficult to distinguish sex -pecific
patterns from body size driven patterns.
Studies have also compared arboreal behavior in different ape species. Doran (1993b)
compared bonobos from the Lomako Forest, DRC, and chimpanzees from the Tai Forest, Ivory
Coast. This study found that, for individuals of similar body sizes, bonobos were consistently more
arboreal and suspensory than chimpanzees. In another study, Doran (1997) compared the
locomotor ontogeny of the Tai Forest chimpanzees with that of a mountain gorilla population from
the Parc National des Volcans, Rwanda. Results showed that chimpanzees and gorillas have
comparable locomotor ontogenies relative to their body size but that gorillas are never as
suspensory as chimpanzees during ontogeny. While the results of these studies can reflect interspecies differences, the ecological variation between study sites could also affect these results.
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While human terrestrial locomotion has been extensively compared to hominoid
locomotion, little is known about human arboreal behavior (Kraft et al., 2014), particularly in
sympatry with other hominoids. In this study, I addressed this critical gap by evaluating the effect
of body size and proportions on canopy access and arboreal ecology in sympatric humans, gorillas,
and chimpanzees of the Congo Basin. Specifically, I tested for differences among these species in
1) access to the canopy (daily climbing rates, climbing speed, and diameters of trees used) and 2)
canopy use (positional behavior, the portion of the canopy exploited, and reliance on different
numbers of supports). I used these comparisons to test the hypothesis that the loss of arboreal
adaptations in humans limits their ability to access arboreal resources. The implications of these
results for hominin evolution are briefly discussed in Chapter 5.

Methods
Data Collection in Non-Human Primates
This data collection protocol was approved by the Hunter College, City University of New
York Institutional Animal Care and Use Committee, the Republic of Congo Institut National de
Recherche

Forestiere,

and

Wildlife

Conservation Society Congo prior to data
collection. Data collection took place over
two field seasons at Goualougo Triangle Ape
Project,

Noubale-Ndoki

National

Park

(2.1226 N, 16.5245 E, Figure 4.1), where
both a gorilla group and a chimpanzee
community are habituated, and in Mondika

Figure 4.1 Map of field sites (Goualougo, red;
Mondika, gold; and Makao village, blue)
included in this study.
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Forest Preserve (2.3642 N, 16.2740 E, Figure 4.1), where two gorilla groups are habituated. Both
field seasons (Fall 2016: 14 days Goualougo, 6 days Mondika and Spring 2018: 26 days
Goualougo, 20 days Mondika, Table 4.1) took place during rainy seasons, during which western
lowland gorillas tend to be more arboreal (Remis, 1995; Remis 1999).
taxon
Homo sapiens
Pan troglodytes

Gorilla gorilla

age-sex class
adult male
adult male
adult female
sub adult
female
sub adult
male
juvenile
Pan total
silverback
male
adult female
black back
male
sub adult
male
sub adult
female
juvenile
Gorilla total

n individuals
17
8
7
2
1

n climbs
35
5
7
1
2

2
20
4

2
17
4

5
4

4
4

5

1

1

3

5
24

5
21

n posture
751
172
296

n locomotion
71
25
49

140

26

74
145
827

19
41
160

119
287

19
57

118

23

43

11

68
180
815

13
64
168

Table 4.1 For each taxon-specific age and sex class, number of individuals included in the study;
the number of climbs observed; and the number of position data points collected. In chimpanzees,
ages are matched to age-sex classes based on Boesch and Boesch-Acherman, 2000. In gorillas,
ages are matched to age-sex class according to Breuer, 2009.
Positional behavior and tree use were recorded via focal observation during ongoing
research efforts at Mondika and Goualougo. The field team left camp in the morning to locate
gorillas or chimpanzees. Due to logistical constraints at Goualougo, conducting full-day, nest-tonest follows of chimpanzees was not feasible. However, the same issues did not limit gorilla
follows, and thus full-day follows for gorillas were feasible. Consequently, the dataset in this study
includes full-day follows of gorillas but not chimpanzees. This limitation is salient only for
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calculations of daily climbing rates. For measures of ascents per day, data from chimpanzees in
Kibale National Park, Uganda were used (Pontzer and Wrangham, 2004) as described below.
When apes were spotted in the canopy, data points were recorded at two-minute intervals,
with rotation between visible individuals. As animals left or entered the tree, they were dropped
or entered into this recording rotation. Data collection entailed eleven parameters: date; time; ID;
positional mode (after Hunt et al. 1996, either static posture (sit/squat, cling, lie, bipedal stand,
quadrupedal stand, suspension) or a locomotor mode (climbing, bipedal walking, quadrupedal
walking, suspensory, transfer)); number of limbs in support; activity (categorical: feed, forage,
travel, rest, groom, play); height (measured with rangefinder); horizontal distance to trunk
(categorical: core, mid, and periphery); tree species; trunk diameter at breast height (DBH); and
largest support diameter. Core, mid, and periphery of the canopy were defined by dividing the
canopy visually into three concentric zones of equal thickness. The innermost zone, centered on
the trunk, was defined as the core; the outermost zone was defined as the periphery, and the zone
in between these two extremes was defined as the mid (Figure 4.2). Forks were defined as points
where a larger limb branched into two or more smaller limbs.

Figure 4.2 Depiction of tree zones: yellow, periphery; blue, mid; and green, core
DBH and support diameter were measured using parallel laser photogrammetry. I built a
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parallel laser system following established methods (e.g.: Rothman et al., 2008; Lu et al., 2016).
Two lasers spaced 9.1 cm apart were mounted underneath the camera (Cannon 7D Mark ii) to
provide a scale for the picture. To ensure accuracy, I tested the unit at the start and end of each
field day on an object of known diameter (at 40 meters) and discarded all pictures from the day if
the resultant measurement error was greater than 5%. Only pictures in which the dimension of
interest is perpendicular to the camera (to control for laser distortion) and in the center of the frame
(to control for lens distortion) were used. I regressed DBH as measured by tape measure against
DBH as measured by photogrammetry in a sample of twenty-two trees in the Goualougo research
site (Figure 4.3), showing a correlation of 98% between the two measurements.

Figure 4.3 Linear regression of DBH as measured by tape measure onto DBH as measured by
photogrammetry in a sample of twenty-two trees y=1.01 ±0.01x, R 2 = 0.98, p<0.001.
I opportunistically recorded vertical climbs of animals that started from the ground. I
defined the start of each climb when all limbs of the animal were off the ground and its ending
when the animal stopped moving for three seconds, moved two or more meters horizontally, met
the tree crown, or moved out of sight. For each climb I recorded: date; time; location; tree species;
diameter; individual ID; change in heights; duration; and locomotor mode. When possible, I also
recorded these climbs using a digital video camera (Canon EOS 7D Mark II; 60 frames per
second).
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Data Collection in Mbendjele Men
Data collection with Mbendjele men was approved by the Hunter College City University
of New York Institutional Review Board, the Republic of Congo’s Institut National de Recherche
Forestiere, and Wildlife Conservation Society Congo prior to data collection. All participants gave
informed consent to participate. Data collection took place in the vicinity of Makao village (2.5947
N, 17.1719 E, Figure 4.1) and consisted of three parts: a) arboreal positional data collection, b)
grip strength measurements, and c) anthropometric measurements.
Arboreal positional data: Each day of the study, I followed one Mbendjele participant
during a foraging excursion to record his tree-climbing behavior. As in the case of non-human
primates, I recorded eleven parameters: date; time; ID; locomotor/positional mode (after Hunt et
al. 1996); limbs in support; activity (categorical: feed, forage, travel, rest, groom, play); height
(measured with rangefinder); horizontal distance to trunk (categorical: core, mid, and periphery,
defined above and in Figure 4.2); tree species; and trunk diameter at breast height (DBH). In
addition, I also noted any tools used in the climb, either to aid ascent or for use in harvesting in the
canopy. Note that climbs done with the aid of tools were excluded from analyses of climbing speed
and DBH of the ascent substrate. Tool-assisted climbs were retained in analyses of ascent per day
(m/d) and positional behavior in the canopy.
In humans, I collected a data point each minute rather than every two minutes in order to
obtain a larger sample size. This was possible because I only followed one individual a day, and
the participant would state which tree he intended to climb. A Fisher’s exact test (p = 0.62) detected
no significant difference between a subsample of 300 data points collected at one-minute and at
two-minute intervals.
In addition, as in the case of apes, I recorded vertical climbs including: date; time; location;

77

tree species; diameter; individual ID; start and end heights; duration (using stopwatch); locomotor
mode; and resource accessed (koko--Gnetum africanum 61%, palm nuts--Elaeis guineensis 21%,
fruit 7%, or honey 11%). When possible, I also recorded these climbs using a digital video camera
(Canon EOS 7D Mark II; 60 frames per second).
Anthropometrics: For each participant, I collected the following anthropometric data: body
mass, height, leg length (greater trochanter to ground while standing), arm length (acromion to
wrist with arm straight at the side), arm span (fingertip to fingertip with arms outstretched
horizontally), and IMI. IMI was calculated as 100 * arm length / leg length. Subjects were weighed
barefoot and wearing the clothes worn on the data collection day. Note that Mbendjele men always
chose to climb barefoot. Anthropometric data are analyzed and discussed in chapter three.

Analyses
Canopy Access: Three measures of canopy access were calculated: ascent per day (m/d);
access tree DBH (cm); and climbing speed (m/s). Sample size, means, standard deviations, and
ranges for each measure are given in Table 4.2 for each age-sex-taxon class. However, due to
limited sample size, only ascent per day was compared at the level of age-sex-taxon class. Speed
and access-tree DBH were compared at the species level. Measures were compared using
ANOVA. Due to the absence of full-day follows for chimpanzees, ascent per day was taken from
chimpanzees in the Kanywara community in Kibale National Park, Uganda (Pontzer and
Wrangham, 2004).
Canopy Use: For each age-sex-taxon class, I presented mean height in the canopy,
proportion of observations in each canopy zone (core, mid, or periphery); proportions of
observations in the canopy spent in each positional mode and spent in tree forks. Heights were
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compared using ANOVA across age-sex-taxon classes. Proportions were compared across agesex-taxon classes using Fisher’s exact test. All analyses were performed in R.
Tests of species and age sex-class differences proceeded as follows. I first limited the
dataset to apes, and compared species means of chi-squared residuals for each postural mode,
locomotor mode, fork use, and canopy zone, using Student’s t-tests. P-values <0.01 were used to
flag candidate variables for further analysis. Next, I regressed chi-squared residuals for each taxonage-sex class against the estimated body mass for that taxon-age-sex class (Leigh and Shea, 1996).
Due to the lack of overlap in body mass of chimpanzee and gorilla age sex-classes, the null
expectation is r2=0.50 for a difference in a continuous variable that was solely due to taxon and
not body size (Figure 4.4). That is, if all gorilla age-sex-classes had residuals of 1 and all
chimpanzee age-sex-classes had residuals of -1, an ordinary least-squares regression of estimated
mass against this variable would yield an r2 of 0.50. An r2 value greater than 0.50 would indicate
the possible effect of mass in addition to taxon differences. Thus, r 2>0.50 was used as a criterion
for flagging potential variables related to body mass. As discussed below, only four variables met
these criteria for additional analysis. These variables were examined across apes and with humans
included to investigate the effects of taxon and body mass on canopy use.

Figure 4.4 Hypothetical ols regression if all gorilla age-sex-classes had residuals of 1 and all
chimpanzee age-sex classes a residual of -1.
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Results
Canopy Access
Daily climbing rate: Humans climbed roughly 50 m/d (mean for individual climbers: 52.5
, ± sd:17.2 ), which was significantly more than gorillas (mean of age sex-class means: 30.0 m/d,
± sd: 3.0) (Figure 4.5a; t-test: t (19.7) = 5.299, p <0.001). However, both humans and gorillas in
this study climbed much less than chimpanzees in the Kanyawara community in Kibale National
Park, Uganda (mean:113; s.e.m.: 5.7; data from Table 1 in Pontzer and Wrangham, 2004). Within
gorillas, there was no significant difference in mean distance climbed as a function of age-sex
category (anova: F (5,240) = 1.52, p=0.19).
Access support DBH: Humans accessed the canopy using significantly smaller diameter
supports than either chimpanzees or gorillas (Figure 4.5b, , anova: F (64,2) = 24.34, p<0.001;
Tukey HSD Homo vs Gorilla, p-adj<0.001; Tukey HSD Homo vs Pan, p-adj<0.001) Mean
access support diameter in humans was 11±4 cm, whereas it was 16±3 and 17±4 cm in
chimpanzees and gorillas, respectively. However, access DBH did not vary significantly between
chimpanzees and gorillas (Tukey HSD Pan vs Gorilla, p-adj=0.99) nor did it differ by age-sex
class (anova: F (2,56): 1.444, p=0.245).
Climbing speed: Humans also climbed significantly more slowly into the canopy (0.29 ±
0.02) than either chimpanzees (1.28 ± 0.32) or gorillas (1.31 ± 0.47) (ANOVA F(2,70): 40.55,
p<0.001; Tukey HSD, p-adj<0.001 in both comparison; Figure 4.5c). Climbing speed did not
vary significantly between chimpanzees and gorillas (Tukey HSD, p-adj=0.15), nor did it vary
significantly between age-sex classes within each species (ANOVA, p> 0.20 both comparisons).
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a

b

c

Figure 4.5 Canopy access in humans, chimpanzees, and gorillas: (a) climbing rate in meters per
day (Pan data from Pontzer and Wrangham 2004) (b) access support DBH in cm, and (c) climbing
speed in m/s.
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Meters Climbed per
day
n
Mean
range
(s.d.)
17 52.5
15-78
(17.2)
37* 104
NA
(7.2)*
3* 117
NA
(26.6)*
NA NA
NA

Climbing Speed
n

Access Support DBH

mean
range
n
mean
(s.d.)
(s.d.)
Homo
AM
35 0.29
0.08-0.67
35 11 (4)
(0.02)
Pan
AM
5 1.53
0.78-2.55
4 15 (3)
(0.32)
AF
7 0.87
0.22-1.61
5 17 (5)
(0.02)
SAF
1 1.91
NA
1 13 (NA)
(NA)
SAM NA NA
NA
2 1.65
1.4-1.89
1 21 (NA)
(0.25)
JUV
23* 134
NA
2 1.45
1.31-1.58
0 NA
(13.3)*
(0.13)
Gorilla SB
39 26.9
0-108
4 0.9
0.27-1.75
4 18 (3)
(25.2)
(0.31)
AF
67 25.6
0-60
4 1.4
1.04-1.61
4 17 (2)
(19.5)
(0.12)
BB
41 27
0-88
4 0.84
0.25-1.66
4 17 (6)
(20.8)
(0.32)
SAM
19 30.2
0-51
1 0.82
NA
1 15 (NA)
(17.3)
(NA)
SAF
18 37.4
0-98
3 1.47
1.31-1.77
3 18 (3)
(24.5)
(0.15)
JUV
62 33.3
0-91
5 0.77
0.21-1.34
5 16 (4)
(22.3)
(0.19)
Table 4.2 Summary data of canopy access in humans, chimpanzees, and gorillas.
Asterisk * denotes data from Pontzer and Wrangham, Table 1.
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range
6-18
12-15
12-22
NA
NA
NA
15-23
14-19
9-21
NA
15-20
9-19

Canopy Use
Heights: Heights were compared across taxa and age sex classes using ANOVA and Tukey
HSD tests. Although all three taxa had overlap in the heights to which they climbed, they differed
significantly in this measure (Figure 4.6, ANOVA F(2442,2): 1104, p<0.001, Tukey HSD p<0.001
all comparisons). On average, chimpanzees were found at the greatest heights (mean of age-sex
means, 33.2± 2.1m), gorillas were found at intermediate heights (mean of age-sex means, 20.1 ±
1.9m), and humans spent the majority of their time at lower heights than either non-human ape
taxa (mean all observations: 17.7±9.2:). ANOVAs by age-sex classes in both gorillas and
chimpanzees showed significant differences in heights (Within chimpanzees p<0.001, within
gorillas p=0.048).

Figure 4.6 Height of individuals in the canopy by taxon and age sex class.
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Behavior: Behavioral activity (travel, play, inactive, groom, and feed/forage) varied
significantly among species and among age-sex class within species, whether or not humans were
included (Fisher’s exact test, p<0.001 all comparisons, Figure 4.7). Humans spent over 75% of
their time in the canopy foraging. On only three occasions did Mbendjele men eat in the canopy.
All three events were during honey collection.

Figure. 4.7 Categorical measures of behavioral activity as percentages by taxon and age-sex
class.
The remaining four canopy-use measures (positional behavior, locomotor behavior, fork
use, and tree zone use) varied significantly among species and among age-sex class within species,
whether or not humans were included (Fisher’s exact test, p<0.001 all comparisons). These are
presented in Figures 4.8, 4.9, and 4.10.
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c

b

d

Figure 4.8 Categorical measures of canopy use as percentages by taxon and age-sex class. (a)
positional behavior; (b) locomotor behavior; (c) fork use; and (d) tree zone use.

a

c

d

b

Figure 4.9 Chi-square residuals for categorical measures of canopy use by age sex class in
chimpanzees and gorillas only: (a) positional behavior; (b) locomotor behavior; (c) fork use; and
(d) tree zone use. Red, high likelihood; blue low likelihood.
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Figure 4.10 Chi-square residuals for categorical measures of canopy use by age sex class when
humans are added to the analysis (a) positional behavior; (b) locomotor behavior; (c) fork use; and
(d) tree zone use. Red, high likelihood; blue low likelihood.

Within Non-Human Ape Age-Sex Class Variation
The chi-square residuals plots show that silverback, adult female, and juvenile gorillas are
most likely to cling, whereas adult male and female chimpanzees are least likely to be observed in
this position. Blackback and subadult female gorillas both lie more than expected, whereas
subadult female chimpanzees are least likely to lie (Figure 4.9a). In addition, adult male, adult
female, and subadult male chimpanzees are most likely to be found in forks (Figure 4.9c). Other
postural, locomotor, fork use, and canopy zone variables were broadly similar among age-sexclasses both within and among non-human ape species.
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Within-Ape Effects of Body Size and Species
Within apes, only four variables met my criteria for further analysis with respect to body
size: climbing, periphery use, core use, and quadrupedal walking. Of these, body mass correlated
positively with climbing (R2=0.78), positively with core use (R2=0.60), and negatively with
periphery use (R2=0.54). I view these as a syndrome in which larger apes move vertically within
the core of trees more, and move horizontally into the periphery less, than smaller-bodied apes
(Figure 4.9). This view is supported by the observed difference in quadrupedal walking.
Chimpanzees, which are smaller-bodied, were observed walking quadrupedally more often than
gorillas (Figures 4.8b, 4.9b).

Human-Ape Differences
When humans are included in the chi-square analyses, they consistently display the most
extreme values of standardized residuals for postural mode, locomotor mode, canopy zone, and
fork use (Figure 4.10). Humans are most likely to stand bipedally and least likely to sit when
compared to apes (Figure 4.10a). Humans are also distinguished by more frequent bipedal walking
in the canopy (Figure 4.10b). Humans are relatively likely to be found in forks (Figure 4.10c).
Finally, humans were most likely to be found in the core of trees, despite their relatively small
body size (Figure 4.10d).

Discussion
Humans are adept climbers and able to access much of the canopy, but they differ markedly
from chimpanzees and gorillas in the specific behaviors used to this end. Here, I discuss this
variation and possible underlying processes.
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Canopy Access:
Daily climbing rate: Humans in this study climbed significantly more than gorillas in the
same region, but less than wild chimpanzees in Kibale N.P., Uganda (Pontzer and Wrangham,
2004). Given that the canopy is substantially higher in Goualougo compared to Kibale N.P. (~40m
versus ~25m), it is most likely that daily ascent rates for Goualougo chimpanzees are similar to
those at Kibale, if not greater. By comparison, the highest climbing rate recorded during one day
for a gorilla in this study (108 m/day) was close to the Kibale N.P. chimpanzee mean (113 m/day).
Humans also climbed significantly less than wild orangutans (mean: 88 m/day, range: range 56121, Singleton, 2009, compiled by Pontzer 2010).
It is notable that humans’ daily rate of ascent was greater than gorillas’, despite data
collection taking place during rainy seasons when western lowland gorillas are most arboreal
(Remis,). Unfortunately, there are no published comparable climbing rates for other wild gorilla
populations or seasons. In contrast, the mean climbing rates for Mbendjele men (52.5 meters/ day,
Table 4.2) are markedly lower than the highest rates estimated for other human foragers
(approximately 80 meters per day, Kraft et al. 2014). Nonetheless, based on grip strength
measurements (Chapter 3), humans did not approach their fatigue limit during focal observations.
Instead, the men followed in this study stayed well below their fatigue threshold, suggesting they
could have climbed substantially more each day. The same may be true for gorillas and
chimpanzees. More broadly, these results suggest that humans and apes generally operate well
within their capacities for climbing.
Speed: Both chimpanzees and gorillas climbed significantly faster than humans (Table
4.2). Humans also employed a much more restricted range of climbing speeds, all of which fell
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within the lower half of the range of variation observed in other apes. The fastest climbs observed
in non-human apes (chimpanzee: 2.55 m/s, gorilla: 1.77 m/s) are equivalent to human records for
speed rock climbing (men’s record: 2.60 m/s; women’s record: 2.14 m/s, Speed World Record
Overview, 2020). Other reported data for both captive and wild apes’ speed fall within the range
of chimpanzees and gorillas in this study (Pontzer and Wrangham, 2004; Isler, 2003; Isler 2005;
Singleton et al., 2009).
One explanation for humans’ less variable and slower climbing speeds is that humans are
being more cautious in the trees, perhaps due to their lack of climbing adaptations. Another, but
not mutually exclusive, hypothesis is that humans climb more slowly than apes because they do
not face the same degree of competition. Chimpanzees and gorillas may climb rapidly into the
canopy in order to access food before conspecifics. Humans in this study were not accompanied
by other climbers, and therefore may not have been motivated to climb faster. Finally, social
factors likely play an important role in mediating speed. For example, the fastest speed recorded
in chimpanzees occurred during a display by the dominant male of the community.
Access DBH: Humans preferred to climb smaller diameter supports (11±4 cm) than either
chimpanzees or gorillas. In this study, non-human apes climbed larger supports (16.2 ±4.1) than
chimpanzees in a study of the Ngogo chimpanzee community in Kibale, Uganda (13.9± 7.7cm;
DeSilva, 2008). Variation in the size of supports available in Kibale versus Nouabale-Ndoki
National Park as well as variation in the resources acquired in the canopy at each site may explain
some of this variation. The relatively small diameter supports humans use may reflect their
relatively short fingers compared to both chimpanzees and gorillas (Almecija et al., 2015).
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Canopy Use:
While canopy use appears broadly similar across chimpanzees and gorillas for many
measures, all behaviors tested here (height, positional behavior, locomotor behavior, core use, and
fork use) varied significantly across age-sex classes. Of these, only core/periphery and horizontal
exploration appear directly related to body size. This study reveals some of the same variation
described in other studies. As reported by Doran (1993b), I found that adult female chimpanzees
were typically observed at greater heights than adult males (Figure 4.6). I also found higher rates
of suspensory behavior in juvenile chimpanzees than juvenile gorillas (Figure 4.8a,b) as in Doran’s
study (1997). As reported by Remis (1999), silverback gorillas were more frequently observed in
the core of trees than in the periphery (Figure 4.8d). Differences is canopy use across age, sex, and
species warrant further exploration, and likely reflect variation in foraging strategies as well as
social factors.
With the lone exception of lying down, human foragers in this study exhibited the full
range of arboreal postural and locomotor behaviors observed in chimpanzees and gorillas.
Mbendjele foragers were observed moving quadrupedally in the canopy, contacting the support
either by using both their hands and feet (as do non-human apes) or crawling along the support on
their hands and knees. Humans were observed transferring between trees in the canopy, at
comparable heights to chimpanzees and gorillas. Though humans spent the most time in the core
of trees, they did access peripheral branches.
Diversity of both locomotor and postural behavior was as high in humans as in
chimpanzees and gorillas. Human foragers in this study climbed as high as chimpanzees and
gorillas and were able to access all parts of the canopy. Both the wide range of positional diversity
and canopy locations (periphery, height, forks) in modern humans suggest their arboreal
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competence is not restricted by adaptations to bipedalism or the loss of arboreal adaptations. This
further contradicts the hypothesis (e.g.: Latimer, 1991) that adaptations to terrestrial bipedalism in
ancestral hominins necessarily compromised arboreal competence.
Nonetheless, humans’ arboreal behaviors were outliers compared to those of chimpanzees
and gorillas. Mbendjele men entered the canopy to access specific resources which they brought
down from the canopy in contrast to non-human apes who primarily fed in the canopy. Humans
did not follow the body-size relationship with periphery access seen in the other African apes
(Figures 4.8d and 4.10d). They instead spent more time in the core of trees. Humans’ hindlimb
dominance was reflected by a reliance on bipedalism and little to no suspension. Mbendjele men
in this study were bipedal in the canopy at approximately ten times the frequency of other extant
hominoid taxa (e.g.: this study; chimpanzees (Hunt, 1994; Stanford, 2006); gorillas (Remis, 1995;
Remis 1999); hylobatids (Vereecke et al, 2006); orangutans (Thorpe et al., 2007; Manduell et al.,
2012)). Humans were also distinguished by their use of bipedalism throughout the canopy rather
than in specialized cases as seen in other taxa (e.g.: chimpanzee foraging (Hunt, 1994);orangutan
peripheral branch access (Thorpe et al., 2007); hylobatid running on horizontal boughs (Vereecke
et al, 2006a)). The implications of this finding for understanding the evolution of bipedalism in
humans are further discussed in the following chapter.
Overall, humans in this study, like those described by Kraft and colleagues (2014),
displayed a suite of behavioral solutions that allowed them to access the canopy and its resources
despite the anatomical constraints associated with their terrestrial bipedal adaptations. In this
context, tool use was one more strategy to widen their climbing repertoire. These findings indicate
that hominin climbing behavior did not change in lockstep with evolved changes in postcranial
anatomy or terrestrial locomotor ecology.
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CHAPTER 5: CONCLUSIONS AND FURTHER DIRECTIONS
Summary of Results
All three studies presented in this dissertation indicate that body mass is a key phenotypic
trait regulating climbing performance in apes. As described in the first study, while total locomotor
costs increased as a function of body size, mass-specific costs (COTnet) were independent of body
size; In the second study laid out that in the case of the rock- and tree-climbers study, strength is
found to be negatively allometric to body mass (MVC scales to mass 0.38 95% CI: 0.17-0.61) and MVC
decreases in rock climbers as a function of body size; Finally, the third study demonstrated that,
regarding behavior in the canopy, larger apes were most likely to be observed in the core of trees
and climbing.
In contrast, none of the three studies supported the hypothesis that limb proportions
regulate climbing performance in humans, chimpanzees or gorillas: 1) COLnet, COTnet, and
efficiency were not correlated to IMI or other measures of limb length in human rock climbers; 2)
IMI and other measures of limb proportions were not significant predictors of grip strength MVC
and endurance in rock or tree climbers; and 3) I found no evidence that limb length directly affected
access and use of the canopy.
Given the present knowledge of extant and extinct taxa’s body size and limb proportions
(Figure 5.1), I briefly discuss the possible implications of these two factors in hominin evolution
and locomotor ecology.
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Figure 5.1 Body mass and IMI in humans, hominins, and apes.
Body Mass
Body mass has increased over the course of human evolution. Although there is some
overlap in size, early Homo is estimated to have been than Australopithecus, and from the early to
middle Pleistocene, Homo increased steadily in body mass (Holliday 2015, Will et al., 2017, but
see Grabowski et al, 2015). There are several ways an increase in body mass may have affected
climbing performance. First, while mass-specific climbing cost would have remained relatively
constant (Chapter 2, Hanna et al., 2008, Pontzer, 2016), mass-specific walking and running costs
would have decreased (Rubenson et al., 2007). Since increasing body size decreases mass-specific
walking and running costs without affecting climbing costs, there would be no inherent tradeoff
between walking or running efficiency and climbing efficiency. It follows that changes in body
mass during hominin evolution were not directly linked to selection for climbing efficiency.
Indeed, while locomotor costs are thought to only make up a small portion of an animals’ energy
budget (the “ecological cost of transport”, Garland, 1983), these costs increase as body size
increases. Thus, as body mass increased over hominin evolution, selection of locomotor economy
may have increased in parallel.
In contrast, the negative allometric trend of finger flexor MVC to mass (Chapter 3, Figure
100

3.3) suggests a negative performance gradient and linked selection gradient against increases in
body size (Arnold, 1983). Tree-climbing behavior may have been reduced in larger-bodied
hominins given their lower mass-specific strength (Figure 3.4). The relationship between strength
and body size may also have played a role in the evolution of the pygmy phenotype. Short stature
and body mass evolved convergently in several human populations living in tropical rainforests
(Perry and Dominy, 2009). Suggested underlying selective causes include high pathogen loads,
high temperature and relative humidity, low food availability, and the reduction in speed of tall
individuals as a function of step length (Perry and Dominy, 2009; Venkataraman et al., 2018). I
propose an additional non-exclusive hypothesis: small body size is selected for in human pygmy
populations because it allows for high strength to mass ratios and limits upper limb fatigue when
accessing the canopy for arboreal resources. The same selection pressure could have affected some
hominin populations such as the small-bodied Homo floresiensis. Notably, H. floresiensis
possesses a number of postcranial traits suggesting regular use of the canopy (Larson et al. 2009).
Finally, large body mass in extant apes is also linked to higher use of the core areas of trees
and to a reduction of peripheral access. Mbendjele men, however, were most likely to be found in
the core of trees, despite their comparatively small body size (Figure 4.6d). Thus, it is likely that
other anatomical changes in human evolution, such as reduction in digit length and curvature, and
hallux adduction, are stronger indicators of periphery access in hominins.

Limb Proportions
I did not detect an effect of limb proportions on energetic cost, fatigue, or canopy access,
contrary to predictions based on previous models (Preushofft and Witte 1991, Fleagle et al., 1981;
Latimer, 1999). However, it is possible that limb proportions affect other measures of performance.
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This is supported by the consensus in rock climbers that ape index (arm span over height) is
positively correlated with climbing performance (Sheel, 2003). Ape index is also significantly
correlated with maximum on sight grade (Magiera et al. 2013). Halsey and colleagues (2017)
showed that arm span is correlated with the ability to reduce locomotor cost when repeating the
same parkour course. However, this was not observed when participants repeated rock climbing
energetic trials (Chapter 2). Finally, it bears noting that idiosyncrasies of humans’ canopy use and
access, such as the high likelihood of being observed standing bipedally or low the likelihood of
accessing the periphery, may well be linked to the suite of human postcranial traits, including limb
proportions, but also to digit length and curvature, and hallux adduction.

Evolutionary Implications
Current evidence suggests that terrestrial bipedalism likely evolved in a complex mosaic
rather than in a linear fashion. The hypothesis that bipedalism evolved multiple times within
hominins has gained traction due to the variation in post-cranial morphology among fossil taxa
(e.g.: Jungers et al., 2009; Harcourt-Smith et al., 2015). Analysis of these postcranial morphologies
has also led to the conclusion that several mechanically and kinematically distinct bipedal gaits
may have been found across hominins (e.g.: Harcourt-Smith and Aiello, 2004; DeSilva et al., 2013;
Harcourt-Smith, 2016).
I propose tool-use and teaching as two modern-human behaviors that may have affected
the locomotor evolution of hominins. For the Mbendjele, both tool use and teaching (adult men
directing young boys on how and where to climb) play key roles in canopy access. Crucially, the
vertical climbing into the canopy by Mbendjele men that I observed was accomplished without
any tools except for vines available in the vicinity, in most cases. Given that the earliest stone tools
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are currently dated to approximately 3.5 mya (Harmand et al, 2015), and that any plant-based tools
are unlikely to be preserved in the archaeological record, we cannot exclude the possibility that
early hominins may well have used vines or other readily available tools to access the canopy at
or before 3.5 mya. At this point, we cannot establish when the teaching of climbing became part
of hominin locomotor ecology. A key first step for future research in this direction is assessing
whether teaching climbing is widespread in modern climbing populations.
Future work on this topic should assess mechanical and kinematic aspects of human and
ape terrestrial and arboreal bipedal positional behavior. Thorpe and colleagues (2007) suggested
arboreal bipedalism as an important precursor to terrestrial bipedalism based on observations of
orangutans’ bipedalism in the periphery of the canopy. This bipedal behavior in orangutans is
characterized by increased hip and knee extension, which is comparable to that seen in modern
humans walking on springy tracks. In contrast, Mbendjele men in this study where more likely to
be bipedal than any other positional behavior in all parts of the canopy.

Altogether, the limited evidence that body size or limb proportions influence climbing
performance--coupled with the striking and previously undescribed arboreal capabilities of
modern humans--falsifies the well-established inference that hominins suffered a loss of arboreal
capabilities following their adaptation to terrestrial bipedalism . Continued arboreal access would
have allowed hominins to access key foods such as honey and high-quality fruit in the crown of
trees (Houle et al., 2010) which are significant nutritional resources for both non-human apes and
human foragers (this study, Kraft et al., 2014). The results presented in this dissertation further call
into question the hypothesis that terrestrial bipedality evolved as a response to a complete shift
from arboreal to terrestrial ecology. To conclusively established whether terrestrial bipedality
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evolved as a response to a complete shift from arboreal to terrestrial ecology, future research
should assess tool use and teaching in the context of climbing accross foraging populations, as
well as kinematic aspects of human and ape bipedal positional behavior accross different support
types both in the canopy and on the ground.
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